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ABSTRACT 

In three years of observations since the beginning of nominal science operations in 
August 2008, the Large Area Telescope (LAT) on board the Fermi Gamma Ray Space 
Telescope has observed high-energy (> 20 MeV) 7-ray emission from 35 gamma-ray 
bursts (GRBs). Among these, 28 GRBs have been detected above 100 MeV and 7 
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GRBs above ~ 20 MeV. The first Fermi-LAT catalog of GRBs is a compilation of 
these detections and provides a systematic study of high-energy emission from GRBs 
for the first time. To generate the catalog, we examined 733 GRBs detected by the 
Gamma-Ray Burst Monitor (GBM) on Fermi and processed each of them using the 
same analysis sequence. Details of the methodology followed by the LAT collaboration 
for GRB analysis are provided. We summarize the temporal and spectral properties 
of the LAT-detected GRBs. We also discuss characteristics of LAT-detected emission 
such as its delayed onset and longer duration compared to emission detected by the 
GBM, its power-law temporal decay at late times, and the fact that it is dominated by 
a power-law spectral component that appears in addition to the usual Band model. 
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1. Introduction 

Prior to the Fermi Gamma-ray Space Tele- 
scope mission, high-energy emission from 
gamma-ray bursts (GRBs) was observed with 
the Energetic Gamma-Ray Experiment Tele- 
scope (EGRET) coverin g the energy range 



from 30 MeV to 30 GeV (iHughes et al 



Kanbach et al 



Esposito et al 



1988 : [Thompson et al 



198C; 



19931 



19991) on board the Comp- 



ton Gamma- Ray Observatory [CGRO] 1991- 
2000) and, more recently, by the Gamma- 
Ray Imaging Detector (GRID) onboard the 
Astro-rivelatore Gamm a a Immagini LEg- 
gcro spacecraft (AGILE: iGiuliani et al.l 12008 ; 



Tavani et all l2008l l2009t ). Despite the ef- 
fective area and dead-time limitations of 
EGRET, substantial emission above 100 MeV 



was d e tected for a f e w GRB s (ISommer et al 
1994: iHurlev et all Il994al: iGonzalez et al 



20031) . suggesting a diversity of temporal and 
spectral properties at high energies. Of par- 
ticular interest was GRB 940217, for which 
delayed high-energy emission was detected 
by EGRET up to ~90 minutes after the trig- 
ger provided by CGRO's Burst And Transient 
Source Experiment (BATSE). 

The Fermi observatory was placed into 
orbit on 2008 June 11. It provides unprece- 
dented breadth of energy coverage and sen- 
sitivity for advancing knowledge of GRB 
properties at high energies. It has two in- 
strume nts: the Gamma-ray Burst Monitor 
(GBM; iMeegan et al] l2009al) and the Larg e 
Area Telescope (LAT: lAtwood et al.l [2"009a[) . 
which together cover more than 7 decades in 
energy. The GBM comprises twelve sodium 
iodide (Nal) and two bismuth germanate 
(BGO) detectors sensitive in the 8 keV- 
1 MeV and 150 keV~40 MeV energy ranges, 
respectively. The Nal detectors are arranged 
in groups of three at each of the four edges 
of the spacecraft, and the two BGO detectors 
are placed symmetrically on opposite sides 
of the spacecraft, resulting in a field of view 



(FoV) of ^9.5 sr. Triggering and localiza- 
tion are determined from the Nal detectors, 
while spectroscopy is performed using both 
the Nal and BGO detectors. Localization is 
performed using the relative event rates of 
detectors with different orientations with re- 
spect to the source and is typically accurate 
to a few degrees. The GBM covers roughly 
four decades in energy and provides a bridge 
from the low energies (below '-^1 MeV), where 
most of the GRB emission takes place, to the 
less explored energy range that is accessible 
to the LAT. 

The LAT is a pair production telescope 
sensitive to 7 rays in the energy range from 
-20 MeV to more than 300 GeV. The in- 
strument and its on-orbit calibrations are 



described in detail in Atwood et al.l ( 2009a ) 



and lAbdo et al.l (|2009g|). The telescop- 



3e con- 
sists of a 4x4 array of identical towers, each 
including a tracker of silicon strip planes with 
foils of tungsten converter interleaved, fol- 
lowed by a cesium iodide calorimeter with 
a hodoscopic layout. This array is covered 
by a segmented anti-coincidence detector of 
plastic scintillators which is designed to ef- 
ficiently identify and reject charged particle 
background events. The wide FoV (~2.4 sr 
at 1 GeV) of the LAT, its high observing ef- 
ficiency (obtained by keeping the FoV on the 
sky with scanning observations) , its broad en- 
ergy range, its large effective area (>1 GeV 
is ~6500 cm^ on axis), its low dead time per 
event (~27 /its), its efficient background rejec- 
tion, and its good angular resolution (— 0°.8 
at 1 GeV) are vastly improved in compari- 
son with those of EGRET. As a result, the 
LAT provides more GRB detections, higher 
statistics per detection, and more accurate 
localizations (^1°). 

Fermi has been routinely monitoring the 
7-ray sky since 2008 August. From this time 
until 2011 Aug ust, when a new event anal- 
ysis ("Pass 7". lAbdo et~al1l2012l) was intro- 
duced, the GBM detected about 730 GRBs, 
approximately half of which occurred inside 
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the LAT FoV. In ground processing we search 
for LAT counterparts to known GRBs, follow- 
ing each trigger provided by the GBM and 
other instruments. In addition, we also un- 
dertake blind searches for bursts not detected 
by other instruments on the whole sample of 
LAT data, with however no independent (i.e. 
not detected by other instruments) detections 
so far. 

Owing to the detection of temporally ex- 
tended emission by EGRET from GRB 940217 
and the interest in studying GRB afterglow 
emission at high energies, Fermi was designed 
with the additional capability to repoint in 
the direction of a bright GRB and keep its 
position near the center of the FoV of the 
LAT (where the effective area to 7 rays is 
maximal) for several hours (5 hrs initially, 
2.5 hrs since 2010 November 23), subject to 
Earth-limb constraints. This repointing oc- 
curs autonomously in response to requests to 
the Fermi spacecraft from cither the GBM or 
the LAT (Autonomous Repoint Request, or 
ARR hereafter), with adjustable brightness 
thresholds, and has resulted in more than 
60 extended GRB observations between 2008 
October 8, when the capability was enabled, 
and 2011 August 1. 

This article presents the first catalog of 
LAT-detcctcd GRBs. It covers a three- year 
period starting at the beginning of routine 
science operations in 2008 August. In §[2] we 
describe the data used in this study and the 
list of GRB triggers that we searched for LAT 
detections. In §[3] we give a detailed descrip- 
tion of the analysis methods that we applied 
to detect and localize GRBs with the LAT, 
as well as the methodology which we followed 
to characterize their temporal and spectral 
properties. In § |4] and § O wc present and 
discuss our results, with a special emphasis 
both on the most interesting bursts and on 
the common properties revealed by the LAT. 
The physical implications of our observations 
are addressed in § [H where we also discuss 
several open questions and topics of interest 



for future analysis. In Appendix [Xj we in- 
vestigate the possible sources of systematic 
uncertainties via testing different instrument 
response functions and configurations for the 
analysis. Finally, in Appendix [B] we discuss 
each individual GRB in the catalog, reporting 
the details of its observation and considering 
it in the context of multiwavelength observa- 
tions. 

2. Data Preparation 

In this section we describe the data ana- 
lyzed in this study and the list of GRB trig- 
gers that we searched for LAT detections. 

The results of this paper were produced 
using two sets of LAT events corresponding 
to different quality levels and corresponding 
instrument response functions (IRFs) in the 
event reconstruction : the Transient event 
20093), which requires 



class (Atwood et al. 



the presence of a signal in both the tracker 
and the calorimeter of the LAT, and the "LAT 



Low Energy" (LLE) event class (jPelassa et al 
201fl[ ). which requires a signal in only the 
tracker and essentially consists of all the 
events that pass the onboa rd 7 filter having 
a reconstructed direction ( Ackermann et al.l 



2012al ). 

The LAT event classes underwent many 
stages of refinement and were released as dif- 
ferent versions (or "passes" ) of the data. This 
catalog uses the whole "Pass 6" event data 
set, in particular, the Pass 6 version 3 Tran- 
sient event class ("P6_V3.TRANSIENT"). 
The LAT team has switched from using "Pass 
6" , which had been used since the beginning 
of science operations, to "Pass 7" data on the 
1st of August 2011, the end of the time period 
covered by this catalog. 

As cross checks, we repeated some of the 
Transient class analyses using instead the 
"P6_V3_DIFFUSE" event class to search for 
possible systematics that might arise from the 
choice of event selection. Both the Transient 
and Diffuse classes offer good energy and an- 
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gular resolutions, along with large effective 
areas above 100 MeV and reasonable resid- 
ual background ratelll- The Diffuse class uses 
a very selective set of cuts to keep the high- 
est quality 7-ray candidates. As a result, it 
has a relatively narrow point-spread function 
(PSF; 68% containment radius of several de- 
grees at 100 MeV and -0°.25 at 10 GeV) and 
a smaller background contamination with re- 
spect to the Transient class. On the other 
hand, the Transient class, which is defined 
with a less selective set of cuts, offers a sig- 
nificantly larger effective area, especially be- 
low 1 GeV. The LLE class corresponds to 
a much-loosened selection, compared to the 
other two classes, and is designed to provide 
a far larger effective area at lower energies 
(especially below 100 MeV) and at larger off- 
axis angles (especially above ~60°). The LLE 
PSF is wide (with a 68% containment radius 
of -20°, ~13° and ~7° at 20 MeV, 50 MeV 
and 100 MeV respectively) and has a much 
higher background contamination (~300 Hz 
over the whole FoV) than the other two event 
classes. Since the flux of a GRB is typi- 
cally a decreasing function of the energy, the 
LLE class provides very good statistics, which 
are useful for detailed studies of the temporal 
structure of GRB emissions. It also allows us 
to examine GRBs with soft spectra or occur- 
ring at a high off-axis angle, which arc not 
detectable with the other two event classes. 

Our baseline LAT-only analysis (namely 
localization, detection, spectral fltting, and 
duration estimation) uses the Transient class 
data. We use the LLE data only for source de- 
tection and duration measurement. As men- 
tioned above, the LAT Diffuse data are used 
only as a cross-check of some of the analysis 
results for Transient class. 

We perform joint GBM-LAT spectral fit- 
ting using the LAT Transient class data, the 



GBM Time-Tagged Event (TTE) data and 
the GBM RSP/RSP2 response filefH. We also 
use GBM CSPEC data to produce our back- 
ground model (see § l3.1.2p . 

All our analyses also use the LAT FT2 
data, which contain information on the point- 
ing history and the location of the Fermi 
spacecraft around the Earth. We use FT2 
files with 1 s binning. 



2.1. 

2.1.1. 



Data Cuts 

LAT Data 



class with rccon- 
100 McV-lOO GeV 
is chosen to reject 



Wc select Transient 
structed energies in the 
range. The lower limit 
events with poorly reconstructed directions 
and energies. Moreover, for Pass 6, the 
LAT response is not adequately verified at 
E<100 MeV energies and the contamination 
from cosmic rays misclassified as gamma rays 
is also significantly increased. The upper limit 
was chosen at 100 GeV since we do not expect 
to detect GRB photons at such high energies 
due to the opacity of the Universe and the 
limited effective area of the LAT. Wc select 
events in a circular region of interest (ROI) 
that is centered on the best available GRB 
localization. The LAT PSF depends on the 
event energy and off-axis angle and has been 
studied using Monte Carlo simulations. We 
use the resulting description of the PSF to 
increase the sensitivity of our analyses. For 
the event-counting and joint spectral-fitting 
analyses, we select a variable ROI radius that 
depends on the event energy and the off-axis 
angle of the GRB in such a way as to se- 
lect almost all the events compatible with the 
position of the GRB given our PSF while re- 
jecting much of the residual cosmic-ray back- 
ground, increasing the signal-to-noise ratio 
of the selected data. To accomplish this, we 
split the events in logarithmically-spaced bins 



'^For more information on these event classes see 



|http: //www. slac ■ Stanford. edu/exp/glast/groups/canda/arc hiv^/^sa3^BlMatfr6mrfferman SeidrliiiE| Support Center 

(FSSC'http : //f ermi . gsfc.n asa.gov/ssc/data/access/gbm/ | 



9 



in energy and for each bin we select only the 
events contained in a ROI around the source 
having a radius corresponding to the 95% 
containment radius of the PSF evaluated at 
an energy equal to the geometric mean of the 
bin's energy range. For the duration estima- 
tion using Transient data we deal with longer 
time periods; thus we dynamically adjust the 
radii of the energy- dependent ROIs to fol- 
low the variation of the off-axis angle with 
time. On the other hand, for the LLE du- 
ration estimations and the joint GBM-LAT 
spectral analyses we use a single set of radii 
calculated using the PSF corresponding to 
the GRB off-axis angle at trigger time. The 
exact dependence of the LLE PSF on the 
off-axis angle is not available yet. Instead, 
only two possible LLE PSFs are available for 
setting the ROI radii: one for observations 
with off-axis angles greater and the other for 
observations closer to the center of the FoV. 
Finally, for cases for which the GRB local- 
ization error is not negligible (i.e., for GBM 
or LAT localizations) we increase the radius 
of each ROI by setting it equal to the sum 
in quadrature of the localization error and 
the 95% containment radius of the PSF. For 
GRBs localized by the Fermi GBM wc also 
added in quadrature a 3° systematic error. 
The maximum-likelihood analysis utilizes the 
PSF information internally while calculating 
the probability of each event being associated 
with the GRB; thus no optimization of the 
ROI radius, as above, is necessary. For the 
maximum-likelihood analyses, we use a fixed- 
radius ROI set at 12°, a value larger than 
the 99% containment radius of the Transient 
LAT PSF evaluated for a 100 MeV event on 
axis. 

We apply a cut to limit the contamination 
from 7 rays produced by interactions of cos- 
mic rays with the Earth's upper atmosphere. 
For our maximum-likelihood analysis we use 
the gtmktime Fermi Science Toolj to select 



only the time intervals (the "Good Time In- 
tervals" or GTIs) in which no portion of the 
ROI is too close to the Earth's limb. Be- 
cause the Earth's limb lies at a zenith angle of 
113° and to take into account the finite angu- 
lar resolution of the detector, we exclude any 
events taken when the ROI is closer than 8° 
to the Earth's limb or equivalently when it in- 
tersects the fiducial line at 105° from the local 
Zenith. For special cases, when the position 
of the GRB is very close to the Earth's limb, 
we compensate the loss of exposure due to this 
cut by reducing the size of the ROI and simul- 
taneously increasing the maximum zenith an- 
gle to 110°. This increases the duration of the 
GTI significantly, allowing deeper exposures 
for searches of late 7-ray activity. For all the 
other analyses (namely event-counting analy- 
ses and joint spectral fitting), we do not ap- 
ply a cut to select GTIs as above, but rather 
we process the whole observation and instead 
reject individual events reconstructed farther 
than 105° from the local Zenith. 

2.1.2. GBM Data 

The response of a GBM detector depends 
on the continuously-varying position of the 
GRB in its FoV, with its effective area de- 
creasing as the angular distance between the 
detector boresight and the source (6'gbm) 
increases. Because of this, when 6'gbm is 
large, any systematic effects due to imper- 
fect modeling of the spacecraft or the indi- 
vidual detectors becom e relatively important 
(jGoldstein et al.l 120121 ) . For this reason we 
use the data from the GBM Nal detectors 
that have angles 6'gbm < 50° at the time of 
the trigger and the BGO detector facing the 
GRB at the time of the trigger. 

We also exclude any detector occulted by 
other detectors or the spacecraft during any 
p art of the analyzed time interval, as advised 
in [Goldstein et all (|2012l ). 



Since ^gbm usually changes with time, the 
G^M G'"llabG""tiGr rc'c-'cd PSP2 files which 

•^http: //www, slac . Stanford. edu/exp/glast/«b/prod/pagesys'ci^oo'ls"gliffi:¥im'eyg^^ 
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contain several response matrices correspond- 
ing to short consecutive time intervals (every 
2° of slew of the detector about the source). 
With a suitable weighting scheme, as de- 
scribed in § 13.4.11 these files provide an ad- 
equate description of the GRB detector re- 
sponses. 

Finally, in some cases, bright GRBs trigger 
an ARR, causing rapid variations of ^gbm 
with time for some of the GBM detectors. 
These variations create further variations 
in those detector responses and background 
rates. In fact, due to its orbital and angular 
dependence the background of those detec- 
tors can be very hard to predict. Also, the 
RSP2 files might not be binned finely-enough 
in time to cover these rapid variations, we 
excluded data from detectors that have such 
rapid variations. 

2.2. Input GRB List 

To search for GRBs in the LAT data we 
use as input a list comprising 733 bursts 
that triggered the GBM from 2008 Au- 
gust 4 to the 2011 August 1 (GBM trig- 
gers bn080804456 to bnll0731465). We 
use the localizations provided by the GBM, 
unless a localization f r om t he Swift obser- 
vatory ( Gehrels et al. 20041) . obtained ei- 



ther fr om the Burst Al e rt Te lescope (Swift- 
BAT, 



Barthelmv et al 



20051). the X-Ra y 



Burrows et al]|2005l) . 



Telescope (Swift-XRT, 
or the UV-Optical Telescope (Swift-UVOT, 
Gehrels et al.l 12004 ). is available via the 
Gamma-Ray Burst Coordinates Network 
(GCNjl. 

We analyzed all GRBs in the input list 
whether or not they occurred in the LAT FoV 
at the time of the trigger, since a GRB that 
is initially outside the LAT FoV can be ob- 
servable at later times due to an ARR or sim- 
ply due to the standard scanning mode. As a 
reference, 368 GBM bursts were in the LAT 



^http : //gen ■ gsf c ■ nasa . gov/ | 



FoV at the time of the GBM trigger, with the 
FoV considered to have a 70° angular radius. 
In 64 of these cases, an ARR was performed. 
It should be noted that the sensitivity of the 
LLE event class extends to larger off-axis an- 
gles e «90°. 

In order to characterize our detection algo- 
rithm, we also created a list of "fake" GBM 
triggers, by considering trigger times earlier 
than the true GBM trigger time by 11466 s 
(approximately two orbits). Since the most 
common observing mode for the Fermi space- 
craft is to rock between the northern and 
southern orbital hemispheres on alternate or- 
bits, with the exception of ARRs, the burst 
triggers of the "fake" sample has the desirable 
property of having very similar background 
conditions as those of the true sample. 

3. Analysis Methods and Procedure 

We implemented a standard sequence of 
analysis steps for uniformity. The sequence 
consists of event-counting analyses performed 
on the Transient class and LLE data for 
source detection and duration estimation 
(S 13. 3|) . unbinned maximum likelihood anal- 
ysis performed on the Transient class data 
for source detection, spectral fitting, local- 
ization (§ 13. 2p . and a spectral- fitting analysis 
performed jointly on the LAT Transient class 
and the GBM data (§ [SH). Details of the 
implementation of the analysis sequence are 
given in § 13.51 Estimation of the backgrounds 
is a central part of all the analyses and is 
described below. 

3.1. Background Estimation 

3.1.1. LAT 

The background in the LAT data is com- 
posed of charged cosmic rays (CRs) misclas- 
sified as 7 rays, astrophysical-source 7 rays 
coming from Galactic and extragalactic dif- 
fuse and point sources, and 7 rays from the 
Earth's limb produced by interactions of CRs 
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in the upper atmosphere. The backgrounds 
for the Transient class and LLE data are 
dominated by the CR component, while for 
the cleaner Diffuse class the backgrounds are 
dominated by astrophysical 7 rays. The CR 
component of the background depends pri- 
marily on the geomagnetic coordinates of the 
spacecraft and on the direction of the GRB in 
instrument coordinates (since the LAT's effec- 
tive area varies strongly with the inclination 
angle). The component from the Earth's at- 
mosphere depends on the angle between the 
GRB and the limb (i.e., on the zenith an- 
gle of the GRB) and is strongest toward the 
limb. Finally, the astrophysical background 
7-ray component depends on the GRB direc- 
tion and is typically stronger at low Galactic 
latitudes. 

For the Transient event class analyses, 
we use the Background Estimation tool 
("BKGE" hereafter), which was developed by 
the LAT collaboration and which takes into 
account all these dependencies. It can esti- 
mate the total expected backgrounds for any 
given ROI and p eriod of time with an accu- 



racy of -10-15% (|Abdo et al.ll2009dl ). It also 



provides separate estimates for the Galac- 
tic diffuse emission and for everything else, 
namely the sum of CRs and extragalactic dif- 
fuse emission ("isotropic component"). Note 
that the BKGE cannot estimate the back- 
grounds from the Earth's limb. However, the 
zenith-angle cut described in ^ is very effec- 
tive at reducing this component to negligible 
levels; thus this limitation does not generally 
constitute an obstacle. 

Our maximum likelihood analysis of Tran- 
sient class data uses a background model cal- 
culated by a combination of the isotropic com- 
ponent provided by the BKGE tool and the 
Galactic diffuse emission template provided 
by the LAT Collaboratioi^l. 

The maximum likelihood analysis using the 
cleaner Diffuse class data, which were per- 



formed for validation studies (see Appendix 
R)) . uses the Galactic diffuse emission tem- 
plate plus the public template describing the 
"isotropic background" (extragalactic diffuse 
emission and CR background) as a single 
spectrum of the intensity averaged over the 
whole sky. The BKGE does not produce es- 
timates for Diffuse class events. For the time 
scales analyzed in this study, the contribu- 
tion from point sources is typically negligible, 
so we do not take them into account in the 
background models. 

For the joint GBM-LAT spectral analy- 
sis, we used as background for the LAT the 
estimates provided by BKGE of the total 
background in the energy-dependent ROI. For 
technical reasons related to the broad PSF 
of the LLE class, we cannot use the BKGE 
to estimate the LLE background. Instead, 
we evaluate it directly from the LLE data 
associated with each individual observation. 
First, in order to ensure enough events in ev- 
ery time bin, we bin the LLE data in time 
with a coarse binning of 5 s, from well before 
the trigger time to well after the end of the 
burst as measured by the GBM. We then fit 
the background rate as a function of time b(t) 
by taking into account the variation of the 
exposure due to the changing orientation of 
the LAT. Phenomenologically, we adopt the 
function b{t) = po +pi C{t) +p2 C{t)'^, where 
C{t) = cos[6{t)] and 9 is the off-axis angle. 
The parameters pq, pi, and p2 are obtained by 
fitting the "pre-burst" and "post-burst" time 
windows simultaneously. We use a conserva- 
tive definition of these time windows based on 
the burst duration as measured by the GBM. 
In particular, the "post-burst" data start well 
after the end of the low-energy emission as 
seen by the GBM. Finally, the fit parameters 
allow us to compute the background rate at 
any time during the burst, and we use the co- 
variance matrix from the fit to evaluate the 
uncertainty of this prediction. We compared 
this simple model to an alternative prescrip- 



' ^httpi/Zf ermi.gsfc.nasa.gov/ssc/data/access/lat/BackgPrfAnateL Is. * C{t), where the degree 
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of the polynomial function pol (t) is increased 
until a good fit to the data is obtained. Typ- 
ically a polynomial of degree 1 or 2 was suf- 
ficient, although in few cases a higher degree 
(3 or 4) was necessary. The expression above 
is motivated by the fact that, as a first ap- 
proximation, the effective area of the LAT to 
CRs scales as cos (6) and that we can model 
the CR contribution on-axis {6 = 0) with a 
polynomial. The two prescriptions gave very 
similar results in all cases. An example of the 
standard prescription is shown in Fig.IIl 




T-T„(s) 



Fig. 1. — LLE background estimation for 
GRB 090323. The top panel shows the time 
history of the LLE count rate (histogram) 
and the background level estimated from a 
fit to the two off-pulse regions [-400 s, -15 
s] and [300 s, 450 s] (curve). The bottom 
panel shows the background-subtracted LLE 
light curve. Magenta curves indicate the sta- 
tistical error of the fitted background (top 
panel), and the statistical fluctuation of the 
background-subtracted signal in the null hy- 
pothesis (bottom panel). 



3.1.2. GBM 

We use the GBM CSPEC event data from 
before and after the GRB prompt phase to 
obtain a model for the background, similar 
to the procedure followed for the LLE data 
above. For each selected detector, we inte- 
grate the CSPEC spectra over all the energy 
channels to obtain a light curve, and then se- 
lect two off-pulse time intervals: one before 
and one after the GRB prompt emission (see 
left panel in Fig. [2]). We fit polynomial func- 
tions f{t) of increasing degree D to the data 
from these two time intervals, minimizing the 
statistic, until we reach a good fit (i.e., 
with a reduced — !)• Then, we consider 
the light curves corresponding to each of the 
128 channels separately, again with data from 
the off-pulse intervals, and we fit them with 
a polynomial of degree D by minimizing the 
Poisson log-likelihood functior0. After each 
fit, we check by eye that the residuals are com- 
patible with statistical fluctuations. If this is 
not the case, we repeat the procedure from 
the beginning, changing our choice for the 
off-pulse intervals, until a good fit has been 
achieved. The set of 128 polynomial func- 
tions constitutes our background model, and 
the predicted number of background events 
hi in the i-th channel of the background spec- 
trum is the integral of the corresponding poly- 
nomial function fi (describing the rate) be- 
tween ti and t2'. 

t2-tl 

The statistical error of the integral is com- 
puted using the covariance matrix from the 
Since the background for GBM detec- 
tors is much less predictable than for LLE 
data, we determine the off-pulse regions man- 
ually. In order to minimize the statistical 
and systematic errors (hence ensure a reli- 
able background estimate), the off-pulse time 

^Using http : //root . cern. ch/root/html/THl . htmlSTHl : FitJ 
'^Using |littp://root . cern. ch/root/html/TFl .htmltTFl : IntegralError | 
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intervals must be close to the GRB's signal, 
have a long-enough duration, and also possi- 
bly have a smooth part of the light curve with- 
out bumps or other structures. Moreover, the 
number of counts in each channel is much 
smaller than the total number of counts used 
to determine D. Thus, the larger value of D 
is, the more fi can pick up statistical fluctua- 
tions in some channels, giving a slightly wrong 
interpolation for those channels in the pulse 
region. Thus, we try to find off-pulse intervals 
well described by low-order polynomials (ide- 
ally D = \). Unfortunately, this is not always 
possible. For example, for GRBs triggering 
ARRs, the background can vary quickly in 
response to the change of pointing, requir- 
ing higher-order polynomials to describe it. 
This effect introduces some additional noise 
in the spectrum, but it is unlikely to intro- 
duce any bias in the fit results, given its ran- 
dom nature. Note that it is not possible to fix 
the shape of the polynomial, since the back- 
ground shows spectral evolution and thus ev- 
ery channel needs to be considered indepen- 
dently. In some cases, even with high-order 
polynomials, fitting the model to the back- 
ground can be difficult and even impossible 
without being completely arbitrary (see right 
panel in Fig. [2] for an example). In those 
cases we opt for excluding the problematic 
detector from the analysis. These issues are 
not solvable at present given our current un- 
derstanding of the detectors and their back- 
grounds. More advanced techniques to deal 
with the backgrounds are currently under in- 
vestigation by the f erm z-GBM Collaboration 
( Fitzpatrick et al.ll20li ). 



3.2. Maximum Likelihood Analysis 

We perform an unbinned maximum like- 
lihood analysis using the tools in the Fermi 
ScienceTools software package, version 09-26- 
0^. An overview of the method and its ap- 
plication for this study is given below. For 



more information see Band et al. I (l2009^ and 
references therein. 

The unbinned analysis computes the log- 
likelihood of the data using the reconstructed 
direction and energy of each individual gamma- 
ray and the assumed sky model folded 
through the instrument response functions 
of the LAT. The sky model includes the GRB 
under investigation modeled as a point source, 
typically with a power-law spectrum, as well 
as other components that describe the other 
sources that arc expected to be present in 
the data. For the short time scales (< 10- 
100s) considered these are predominantly dif- 
fuse emission from the Galaxy and residual 
charged particle backgrounds, though in prin- 
ciple, a bright, nearby point source, such as 
Vela may be included. To estimate the spec- 
tral properties of the GRB, the model pa- 
rameters are varied in order to maximize the 
log-likelihood given the data. Usually, the 
GRB coordinates are held fixed, but if a lo- 
calization using the LAT data is desired, those 
parameters can also be varied. 

The fitting in the Likelihood tools is per- 
formed using an underlying engine such as 
MINUItJ^ to perform the maximization. Cur- 
rently, the unbinned analysis docs not take 
into account energy dispersion. However, 
given the good energy resolution of the LAT 
(<15% above 100 MeV), the moderate energy 
dependence of the LAT effective area at the 
energies considered, and the simple power-law 
spectral form that we consider, approximat- 
ing the true energy by the reconstructed one 
is justified. The uncertainties of the best-fit 
values of the parameters or any upper /lower 
limits are estimated from the shape of the log- 
likelihood surface around the best-fit. 

We apply the likelihood analysis to Tran- 
sient class events, and as cross check, we also 
analyze Diffuse class events, with the data 
cuts described in § [2] We cannot apply a sim- 
ilar unbinned maximum likelihood analysis to 



'^http://ferml.gsfc.nasa.gov/ssc/data/analysis/scltools/iBit^i^jiilsfeag#,b$Baich/project/cls/work-packages/mathlibs/m^ 
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Fig. 2. — (left) An example of a selected GBM detector (Nalo) and its background fit (lower panel), 
and the angular distance between the axis of the detector and the GRB position (upper panel). 
The shaded regions mark the selected off-pulse intervals, while the dashed line is the best-fitting 
polynomial model (see text), (right) An example of an excluded detector (Nala): the change in 
angular distance between the detector axis and the source is too fast (upper panel), producing a 
change in the light curve which cannot be modeled satisfactorily with a polynomial model. 



the LLE data, since the PSF, energy disper- 
sion, effective area for the LLE events and 
the expected backgrounds are not adequately 
known and/or verified yet. The analysis of 
LLE data is similar to that of the GBM data 
and is described below. 

The background model is constructed as 
described in § 13.11 The normalization of 
the "isotropic background" provided by the 



BKGE, used for the analysis of Transient class 
events, is one of the free parameters of the fit 
and has a Gaussian prior of mean 1 and a 
width set to encompass any associated statis- 
tical and systematic errors (typically around 
15%). The normalization of the "isotropic 
background" template, used for the analysis 
of Diffuse class data, is free to vary with no 
prior and no constraints. To avoid increas- 
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ing the number of free parameters, we keep 
the normahzation of the template for Galac- 
tic diffuse emission fixed to 1 for the analyses 
based on both event classes. 

3.2.1. Source Detection 

To determine the significance of the de- 
tections of sources using the maximum like- 
lihood analysis, we consider the "Test Statis- 
tic" (TS) equal to twice the logarithm of the 
ratio of the maximum likelihood value pro- 
duced with a model including the GRB over 
the maximum likelihood value of the null hy- 
pothesis, i.e., a model that does not include 
the GRB. The probability distribution func- 
tion (PDF) of the TS under the null model is 
given by the probability that a measured sig- 
nal is compatible with statistical fluctuations. 
The PDF in such a source-over-background 
model cannot, in general, be described by the 
usual asymptoti c distributions expected from 
Wilks' theorem (|Wilkdll938t IProtassov et al ' 
2003). However, it has been ve rified by dedi- 



cated Monte Carlo simulations (Mattox et al 



1996f) that the cumulative PDF of the TS in 
the null hypothesis (i.e., integral of the TS 
PDF from some TS value to infinity) is ap- 
proximately equal to a Xn^^j/^ distribution, 
where Udof is the number of degrees of free- 
dom associated with the GRB. The factor of 
jin front of the TS PDF formula results from 
allowing only positive source fiuxes. 

Since we model the GRB spectrum as a 
power law with two degrees of freedom and 
we fix the localization, the TS distribution 
should nominally follow (l/2)x|. This is for- 
mally correct if the localization of the GRB 
is provided by an independent data set (i.e., 
from another instrument). However, when 
the input localization is not sufficiently pre- 
cise, we optimize it using the same data set 
used for detecting the source, thereby intro- 
ducing two additional free parameters (R.A. 
and Dec). In this case, the TS distribu- 
tion should follow (l/2)x|. In practice, the 



steps of detection and localization are iter- 
ated many times, and a detection step is per- 
formed using an ROI centered on the position 
found by a prior localization step. Therefore, 
the data sets used in each step are not ex- 
actly overlapping. For this reason, we ex- 
pect some deviation from {l/2)x4 distribu- 
tion. For simplicity, we set a unique threshold 
of TSmm=20 for our analysis independent of 
the origin of the localization. This formally 
corresponds to two slightly different one-sided 
Gaussian equivalent thresholds, 4.1(7 for x| 
and 3.5(7 for xl- Additionally, we check the 
calibration of the detection algorithm on a 
sample of "fake GBM triggers" generated as 
described in S 12.21 With the aforementioned 



value of TSmm we obtain zero false detections 



on the "fake GBM triggers" sample (see ^4.11 
for more details). 

3.2.2. Localization 

We compute the localizations with the 
LAT in two steps. The first step provides 
a coarse estimation of the GRB position and 
is performed using the gtfindsrc Fermi Sci- 
enceTool. At this stage, we look for an excess 
consistent with the LAT PSF, and we do not 
assume a particular background model. Al- 
though this method is quick and robust, it as- 
sumes that the likelihood function is parabolic 
and symmetric in azimuth around the found 
position, and so the provided localization er- 
ror can be slightly underestimated. There- 
fore, this step is only used to obtain an initial 
seed for the follow-up analysis. 

For a more accurate localization we use the 
gttsmap Fermi ScienceTool, which starts from 
the best-fit background model obtained by 
the likelihood fit and builds a map of the TS 
in a grid around the best available localiza- 
tion of the source. The GRB spectral param- 
eters are fitted at each position in the grid, 
along with all free parameters of the back- 
ground model. The grid size and spacing are 
set based on the localization error obtained in 
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the first step. The final LAT locahzation cor- 
responds to the position of the maximum of 
the TS map. Its statistical uncertainty is de- 
rived by examining the distribution of TS va l- 
ues around it. Following lMattox et al.l (|l996l ). 
we interpret changes in the TS values in terms 
of a distribution with two degrees of free- 
dom to account for the flux and spectral index 
of the GRB. Specifically, a confidence- level 
(CL) uncertainty is given by the TS map con- 
tour that corresponds to a decrease from the 
maximum value by a value equal to the CL 
quantile of the xi distribution. For example, 
the 90% (68%) confidence level corresponds 
to a decrease of the TS from its maximum 
value by 4.61 (2.32). 

3.2.3. Event probability 

We estimate the probability of each 7-ray 
being associated with the GRB by using the 
gtsrcprob Fermi ScienceTool. The probabil- 
ity computation takes into account the spec- 
tral, spatial (extent), and temporal (flux) in- 
formation of all the components in the source 
model, and the response of the LAT (PSF and 
effective area) to the particular event. The 
probabilities are assigned via the likelihood 
analysis and are computed starting from the 
best-fit model. In particular, the probability 
that a photon is produced by a component i 
is proportional to Mi given by 

Mi{e',p',t) = / dedp Si{e,p,t) R{€,p]e' ,p ,t), 



(1) 

where Si{e,p,t) is the predicted counts den- 
sity from the component at energy e and 
position p, and (observed) time t, and and 
the integral is the convolution over the in- 
strument response R{e,p; e',p',t). In general, 
the predicted count density is the sum of 
the different contributions Si{e,p,t), includ- 
ing the extended backgrounds (such as the 
isotropic component and the Galactic diffuse 
emission), background point sources (nearby 
bright sources) and the GRB under study. 



Each contribution is described by a model, 
the parameters of which are optimized dur- 
ing the maximum likelihood fit. We simplify 
the calculation by not including nearby bright 
sources, as, in these short time scales, they do 
not contribute significantly to the total num- 
ber of counts. Once we compute the maxi- 
mum likelihood model for the observed num- 
ber of counts, we assign to each event the 
probability of being associated to a particular 
component i. 

Because the flux varies with time, we per- 
form the calculation in several time bins so 
that the flux is never averaged over long time 
intervals. We tested schemes for defining the 
time intervals inclu ding linear, logarith mic, 
and Bayesian-blocks (jScargle et al. I l2012h bm- 
nings, and the results were stable among the 
different choices. For consistency with the 
other parts of the analysis we chose the same 
logarithmically-spaced time bins used in the 
timc-rcsolvcd spectral analysis described in 
§ 13.51 below. 



3.3. Event Counting Analyses 

As mentioned in the previous section, the 
effective area of the Transient class decreases 
strongly for off-axis angles greater than ^^70° 
or for energies less than ~100 MeV. For this 
reason, in addition to the maximum likeli- 
hood analysis applied to Transient class data 
described above, we search for sources using 
the LLE class. This class provides a signifi- 
cantly larger effective area below 100 MeV 
and a wider acceptance, although with a 
higher background level. We use it to ob- 
tain another duration measurement as well, 
which is dominated by events below 100 MeV 
and is thus complementary to the duration 
measurement obtained with Transient class 
data. 

3.3.1. Source Detection using LLE data 

Consider a GRB as an impulse f{t) su- 
perimposed on a background signal b(t). De- 



ll 



pending on the unknown shape of f{t), there 
will be a particular time scale St and a par- 
ticular start time to maximizing the quantity 



s = 



(2) 



which is the significance of the signal in the 
Gaussian regime. The pair St, to corresponds 
to the highest sensitivity to the signal of 
this particular GRB. Our source-detection 
method searches for the closest pair to St, to 
by resizing and shifting the time bins and se- 
lecting the light curve that contains the single 
bin with the highest significance. Since the 
typical event rate inside the LLE ROT is not 
particularly large (^10-20 Hz for the back- 
ground), the Gaussian approximation implicit 
in Eq. [3] is not always justified. The signifi- 
cance S in each bin is thus derived from the 
Poisson probability of obtaining the observed 
number of counts given the expectation from 
the background, by converting this probabil- 
ity to an equivalent sigma level for a one- 
sided Standard Normal distribution. Our al- 
gorithm starts by defining a conservative win- 
dow around the trigger time, with a total du- 
ration depending on the GBM burst duration 
Tgo. Then, a set of 10 bin sizes St is defined 
depending on the Tqq. For each of these bin 
sizes, the algorithm computes 11 light curves 
with shifted bins, i.e., with the bins centered 
onio + (i/20) St {i = 0...10). For each of these 
10x11 light curves, the background function 
b{t) is fitted to the data outside the GRB 
window (as described in § 13. 1|) . and the al- 
gorithm seeks the bin with the largest sig- 
nificance S inside the GRB window. This 
value is then corrected for the number of tri- 
als, i.e., by the number of bins N in the 
current light curve. If p is the probability 
corresponding to S, then the corrccted-for- 
trials probability is p' = 1 — (1 — p)^. This 
new probability is converted to a Gaussian- 
equivalent significance S", and the pre-trials 
significance for the detection of the GRB is 



defined as Spre = max(S"), where the maxi- 
mum is computed over the 110 light curves. 
Since the data have been rebinned multiple 
times, a post-trial probability is finally com- 
puted to account for these not-independent 
trials. For this purpose, we performed 3 x 10^ 
Monte Carlo simulations of the background, 
running our algorithm and recording Spre for 
each realization. The resulting distribution of 
Spre is well described by a Lorentzian func- 
tion 1 -I- [(x — xo)/rc]'^]~^ , with xo = 1.36, 
re = 7.38 and /3 = 41.8 (x^ = 43.2 with 38 
d.o.f). We use this function to convert the 
pre-trials significance Spre into a post-trials 
significance Spost- 

We consider as LLE-detected the GRBs 
that have post-trial significances Spost > 4ct, 
which correspond to chance probabilities P < 
3 X 10~^. We ran our algorithm on the 733 
GRBs of the GBM sample (see 122]), and so 
we expect no false-positive detections using 
this arbitrary threshold. 

3.3.2. Duration measurement 

We describe the duration of a GRB de- 
tected by the LAT using the parameter Tgo 



(jKouveliotou et al.l 119931 ). A simple mea- 



surement of Tgo starts with the construc- 
tion of the integral distribution of the number 
of background-subtracted events accumulated 
since the trigger time. As the GRB becomes 
progressively fainter, the distribution flattens 
and eventually reaches a plateau. 

The calculation of the duration of the emis- 
sion consists of finding the times where the 
integral distribution reaches the 5% and 95% 
levels of its total height (called T05 and Tg5 
respectively), and calculating their difference 
Tgo = Tgs — T05. Our duration estimation 
method is based on the above simple pre- 
scription, but is also extended to estimate the 
statistical uncertainty of the results, and ac- 
counts for the effects of effective area vari- 
ations over time (for its application to the 
Transient class events). 
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Because of the unavoidable statistical fluc- 
tuations involved in the process of detecting 
an incoming GRB flux, a GRB observed un- 
der identical conditions by a number of iden- 
tical detectors will in general produce differ- 
ent detected light curves, and hence different 
duration estimates. Our method quantifies 
the uncertainties on the duration estimates 
associated to these statistical fluctuations. In 
short, it accomplishes this by treating the de- 
tected light curve as the true one (i.e., that of 
the incoming 7-ray flux), producing a set of 
simulated light curves by applying Poissonian 
fluctuations on the detected one, estimating 
the durations of the simulated light curves, 
and calculating a single duration estimate and 
its uncertainty from the distribution of simu- 
lated duration estimates. 

Our method starts by constructing the 
integral distribution of the accumulated 
background-subtracted events curve in small 
steps in time. For each step, the number of 
expected background events is estimated and 
the number of detected events is counted. At 
the end of each step, an algorithm checks for 
the presence of a plateau by searching for 
statistically significant increases in the av- 
erage value of the points added last to the 
curve. If a certain number of steps does not 
increase the integral distribution, a plateau 
is reached and the construction stops. A set 
of simulated light curves are then produced, 
by adding Poisson noise to the observed light 
curve, and the corresponding integral distri- 
butions are produced. A duration estimation 
is made for each of the simulated light curves 
and the results (T05, T95, Tgg) are recorded. 
After the durations of all the simulated light 
curves have been measured, the median and a 
(minimum-width) 68% containment interval 
are calculated for each distribution, and used 
as our measurements and ilcr errors. In case 
the light curve contains multiple peaks sep- 
arated by quiescent periods, the algorithm, 
depending on the intensity of each peak and 
the duration of the intermittent quiescent pe- 



riods, might set the beginning of the plateau 
at the end of the last peak or during a qui- 
escent period. In the latter case, some of the 
late emission might not be fully accounted 
for by the produced duration. However, the 
returned statistical errors would be appro- 
priately increased in both cases, indicating 
the uncertainty of identifying the end of the 
emission. 

Any changes in the off-axis angle of the 
GRB during an observation will change the 
effective area of the LAT, affecting the light 
curve. For example, a GRB observation that 
involves an ARR will in general start with 
a moderate to large off-axis angle which will 
then rapidly decrease and stay small for most 
of the rest of the observation. Because the 
effective area of this observation will be small 
before the ARR starts, the count rate will be 
artificially decreased and this would cause a 
bias in the measurement of the T05 if it were 
simply based on counts. To account for this 
effect, we weight the simulated light curves by 
the inverse of the exposure. 

To illustrate this method we present in 
Fig. 13 the case of GRB 080916C, and the du- 
ration measurement using the Transient class 
data. These curves are used as the basis for 
the simulations. Fig. |4] shows the distribution 
of To5, Tgs, and Tgo, as measured from the 
simulations. These distributions are used to 
define the duration and associated error. In 
this particular case some excess events were 
observed at late times (about ~400 s) , as can 
be seen in Fig. [3l Consequently, a small frac- 
tion of the simulated light curves gave Tgo 
and T95 that were very close to ^400 s, which 
caused a small increase of the duration esti- 
mates and of the errors for positive fluctua- 
tions. 

In some cases, a GRB observation can be 
interrupted before the GRB emission becomes 
too weak to be detectable (i.e., before reach- 
ing a plateau in the integral distribution). 

Such interruptions can happen if the GRB 
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Fig. 3. — Duration estimation of 

GRB080916C using Transient-class data. 
Top: number of detected counts (black) 
and estimated background (red) per time 
interval. Middle: accumulated number of 
detected counts (black) and expected back- 
ground (red) since the trigger time. Bottom: 
accumulated number of events, background 
subtracted. 



Fig. 4. — Duration estimation of 

GRB 080916C using Transient-class data. 
Curves: distributions of Tqs (top), Tgs 
(middle), and Tgo (bottom) as measured 
from the simulations. Middle vertical dashed 
lines: median of the distributions, consti- 
tuting our best estimate of the duration. 
Left- and right-hand vertical dashed lines: 
68% containment intervals, constituting our 
estimated error for the duration. 



exits the FoV of the LAT, it becomes occulted 
by the Earth, or the LAT enters the South 
Atlantic Anomaly (SAA), suspending obser- 
vations. In these cases, only a lower limit on 



the duration can be obtained (with no errors), 
equal to the time interval between T05 and the 
interruption of the observation. 
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We apply this method to both Transient 
class data and LLE data. In the former case 
we use the BKGE to estimate the background, 
while for the latter case we use the polynomial 
fit, as described in S 13.1.11 Note however that 
in the calculation of the duration the expo- 
sure weighting is performed only for Transient 
class data, since the effective area for the LLE 
class has not been characterized yet. 

As a cross check, we also apply a differ- 
ent algorithm on LLE data. We consider the 
light curve with the binning that gives the 
highest significance, as obtained by the algo- 
rithm explained in § 13.3.11 and we measure 
To5, T95 and Tgg on the integral distribution 
obtained from that light curve. We verified 
that the numbers obtained with this simple 
method are always within the errors obtained 
with the other method. Thus, we will only 
provide the set of results related to the first 
algorithm. 

3.4. Joint LAT-GBM Spectral Analy- 
sis 

We performed joint GBM-LAT spectral fits 
for every GRB detected by the LAT. 

3.4.1. Data preparation 

We start by selecting the GEM detectors 
as described in §[2] and estimate the expected 
backgrounds as described in § 13.1.21 We then 
use the Fermi Science Tool gtbin to extract 
the observed spectrum (source -I- background) 
from the GEM TTE event data. We obtain 
the response of a GEM detector in the inter- 
val to be analyzed (ti-t2) using the RSP2 file 
for the detector for the time interval. Because 
the RSP2 file contains several response matri- 
ces corresponding to consecutive time inter- 
vals that in general are shorter than ti-t2^ we 
sum the matrices of all the sub-intervals in- 
cluded in ti-t2 using an appropriate weight- 
ing scheme. Specifically, if Ci is the counts 
detected in the sub-interval covered by the i- 
th matrix, and C = Cj is the number of 



counts detected between ti and ^2, then the 
weight for the i-th response matrix is: 



To sum the matrices we use the tool addrm^^ 
part of NASA HEASARC's FTOOL^l|. 

For the analysis of LAT observations of all 
GRBs detected inside the LAT FoV, we use 
the Transient class events as described in § [51 
Wc bin the LAT data in 10 logarithmically- 
spaced energy bins between 100 McV and 
250 GeV, and use an energy-dependent ROI 
as described in § 12.1.11 We derive the ob- 
served spectrum and the response matrix us- 
ing the Fermi Science Tools gthin and gtr- 
spgen. We also use the BKGE to obtain a 
background spectrum containing the contri- 
butions from all the sources of background, 
as described in § 13.1.11 

Note that for GRBs detected by the LLE 
photon counting analysis outside the LAT 
FoV we used only GBM data for the spectral 
analysis. 

3.4.2. Spectral fit 

Wc load the spectra and response matri- 
ces in XSPEC V.12.7E1- For GBM data, wc ex- 
clude from the fit all of the Nal channels be- 
tween 33 kcV and 36 keV (corresponding t o 
the Iodine K-edge, see iMeegan et al. I l2009bh . 
and ignore the channels at the extremes of 
the spectra (channels below 8 keV and chan- 
nels 127 and 128 for Nal ; channels 1, 2, 
127, and 128 for BGO). We do not exclude 
any energy bin in the LAT spectrum, since 
we already selected the data before binning 
them. We jointly fit the GBM and LAT 
data with several models (described below), 
minimizing the negative log-likelihood. This 
likelihood function is derived from a joint 



^ ^http : //heasarc .nasa.gov/ftools/caldb/addrmf .html| 

^^"http : //heasarc .nasa.gov /ftools I 

^^ ,http : //heasarc .nasa.gov/docs/xanadu/xspec/ 1 



21 



probability distribution, obtained by model- 
ing the spectral counts as a Poisson process 
and the background counts as Gaussian pro- 
cess. For the latter, the Gaussian standard 
deviation for the i-th channel is given by ai ~ 



tT?,,„ -, where a?,„+ and a 



2 



are 



stat,i ~ sys^i'' ^^^^^^^ ^ stat,i ^'■^^ ^ sys,i 

the statistical and the systematic variances 
respectively. The maximum likelihood prin- 
ciple assures that the derivatives of the likeli- 
hood function with respect to the parameters 
are null for the best-fitting set of parameters. 
Exploiting this, one can treat the means of 
the Gaussian functions describing the back- 
ground counts as nuisance parameters, and 
remove them from the fitting procedure by 
expressing them as functions of the other pa- 
rameters. This is a rather standard statisti- 
cal procedure, and leads to the formulation 
of a so-called profile likelihood function. PG- 
stat is defined as the natural logarithm of such 
function (see the XSPEC websiteo for more de- 
tails). The fitting algorithms implemented in 
XSPEC find local minima for the statistic, but 
they can fail to converge to the global min- 
imum. This is a kn own issue with grad ient- 
descent algorithms (jArnaud et al.l 120111 ). To 
mitigate this problem, we perform multiple 
fits (from 10 to 40) for each model, each time 
starting from a different set of values for the 
parameters, and we keep as the putative best 
fit the set giving the lowest overall value for 
the statistic. If while computing error con- 
tours for this set of parameters, the fitting al- 
gorithm finds an even better minimum for the 
statistic, we adopt that as the new putative 
best fit, and restart the error computation, it- 
erating the procedure until no new minimum 
is found. 



• ^http : //heasarc ■ nasa ■ gov/xanadu/xspec/manual/XSappendlxStat 1st ics . html | 
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3.4-3. Spectral Models 

Traditionally, G RB spectra have been described using the phenomenological "Band function" 



([Band et al.l 119931 ) or a model consisting of a power law with an exponential cutoff (also called 



"Com ptonized model"). Another common choice is the smoothly broken power law (SBPL) (iRvdel 
19991) . Recently, the logarithmic parabola has be en shown to be a good description the spectra o f 
some GRBs, especially in time resolved analyses ( Massaro et al. 2010t Massaro fc Grindlavllionh . 
We call these 4 spectral models main components. One of the first results by Fermi was the 
need for multi-component spectral models for some GRBs, showing an hi gh-energy excess over the 
main component w hich has been modeled with an additional power law ( Ackermann et al. 2010bl : 
Abdo et al.ll2009e( ). In one case, Fermi observed a high energy cutoff whi ch required the addition o f 
an exponential cutoff to the power law component in the spectral model (| Ackermann et al.ll2011a[ ) , 
for a total of three components (Band, power law and exponential cutoff). In the following we will 
call the power law and the exponential cutoff functions additional components, to emphasize the fact 
that we add them to the main components when needed. Some authors have claimed the presenc e 
of a thermal compo nent, modeled by a black body emission spectrum (see e.g.. lGuiriec et al. ( 2011 ): 
Zhang et al.l (|2011l ) and references therein). However, a careful time-resolved analysis is needed in 
order to investigate and characterize such a component, which is outside the scope of the present 
analysis. Thus we did not include the black body component in our spectral fits. Hereafter, N{E) 
is the differential photon flux (in units of cm~^ keV~^ ) expected from a model at a given energy 
E (in keV), and fc is a normalization constant whose units depend on the model. We have 4 main 
model components: 



(I) Comptonized model (a power law with an exponential cutoff): 

E 

N{E) = kE~"e ^0 , where a is the photon index and Eq is the cutoff energy. 

(II) Logarithmic parabola, defined following equation 9 in Massaro et al. ( 2010l ): 

N{E) = ^10-"°g-E/Bp^^ 

where Sp is the height of the SED at the peak frequency, E^ is the peak energy and h 
represents the curvature of the spectrum. 



(HI) Band model (jBand et al.lll993f ): two power laws joined by an exponential cutoff: 



B{E) = N{E) 



[(a - P) £;o]""'^ Ef^e-'^°'-f^^ when E > {a - P)Eq 



(3) 



Note that this is the representation that uses the e-folding energy Eq (keV) instead of the 
peak energy Ep, where Ep = [2 -\- a)EQ. a and (3 are respectively the (asymptotic) photon 
index at low energy and the photon index at high energy. 



(IV) Smoothly broken power-law (lRvdelll999l) : two power laws joined by a hyperbolic tangent 
function with adjustable transition length: 



N{E)^^ 



^ E ' 



Q + yg r 



cosh( '°g(^/^°) ) • 
_cosh(i2£fcZ^), 



(10) 



(4) 
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where Epiy is a fixed pivot energy, a and /3 are respectively the photon index of the low-energy 
and of the high-energy power laws, Eq is the e-folding energy and S is the energy range over 
which the spectrum changes from one power law to the other. 



Here are the definitions of our additional model components: 
(I) Power law: N{E) = kE^", where a is the photon index. 

E_ 

(II) Exponential cut off: e 

Because of the variety of spectral models, we have considered a number of functions, composed of 
one main component and one or more additional components: Band, Band -I- power law. Band 
-I- power law with exponential cutoff (= B{E) + kE~"e~-^^-^"), Band with exponential cutoff 
(= B{E)e~^/^°)^ Comptonized, Comptonized -I- power law, Comptonized -I- power law with expo- 
nential cutoff. Logarithmic Parabola, SBPL, SBPL -|- power law. 

To take into account the relative unknown uncertainties in the inter-calibration between the 



different detectors, for bright bursts we also apply an effective area correction (jBissaldi et al.ll201l[ ): 
wc scale the model under examination by a multiplicative constant, with the constant being fixed 
to 1 for the LAT (taken as reference detector), but free to assume different values for all the other 
detectors. For GRB for which wc do not use LAT data, we choose one of the Nal detectors as 
the reference. While for bright bursts adding such a correction changes the best fit parameters 
and the value of the statistic, for the other bursts it is essentially inconsequential, since in the 
latter cases statistical errors dominate over the inter-calibration uncertainties. For such spectra 
the multiplicative factors are unconstrained during the fit, and therefore we removed them. After 
the best fit is found, we fix all the factors to their best fit values and we proceed with the error 
computation. The correction factors typically have values between 0.95 and 1.05 for Nal detectors, 
and between 0.75 and 1.25 for the BGO detectors. 
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3.4-4- Definition of a good fit and model se- 
lection 

The main focus of the spectral analysis per- 
formed here is to characterize the GRB spec- 
trum, which requires selecting the most ap- 
propriate spectral model. We define the best 
model for a given GRB as the simplest one 
giving a "good" value for the test statistic 
(PG-stat, S in the following) and no evident 
structures in the residuals. Since S is based 
on a Poisson likelihood, wc do not have a sim- 
ple goodness-of-fit test comparable to the 
test when minimizing the statistic. The 
actual expected value S* for the statistic S 
is a function of the number of counts N in 
the spectrum and of the background model 
and its uncertainties, and can be estimated 
using Monte Carlo simulations. We assume a 
model mo(p) (for example, the Band model) 
with the best fitting set of parameters Pq as 
the null hypothesis, and we generate 1 million 
realizations of too(po) and the corresponding 
background spectrum using the fakeit com- 
mand of XSPEC. Each realization is ob- 
tained by adding Poisson noise to the count 
spectrum obtained by summing the observed 
background spectra and mo(po)- Correspond- 
ingly, each realization of the background spec- 
trum is obtained by adding Gaussian noise 
to the observed background spectrum, using 
a total variance composed of the statistical 
and the systematic variance of the observed 
background. Then we fit mo{p) to r^^ and 
we record the value for the statistic Si- In 
Fig. [5] we show an example of a distribution 
for S obtained using the Band model, and a 
distribution for the same number of de- 
grees of freedom as reference. Note that de- 
pending on the case, the two distributions can 
be very different. We can now use the distri- 
bution for S resulting from the simulations to 
compute the probability of obtaining the ob- 
served value for S under the null hypothesis 
mo- This approach requires a large number 
of simulations, so we applied it just for the 
subsamplc of GRBs for which wc claim the 
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Fig. 5. — Distribution for the PG-statistic 
as obtained from Monte Carlo simulations for 
GRB110731A using the Band model as nuU 
hypothesis (black points). We report the 
distribution for the same number of degrees 
of freedom for reference (red dashed line) . 



detection of an extra component (sec below, 
and Section |4XT|) . 

In order to compare different models, we 
considered them in pairs. Let us consider 
the model uiq with no, do/ and mi.If Sq < Si 
and UQ^dof < '^i.do/ then mo describes the 
data better using fewer or the same num- 
ber of parameters and we consider it a bet- 
ter fit following the definition given at the 
beginning of this section. If So ~ and 
no^dof = ni^dof the two models are equiva- 
lent, and we should report the results for both 
the models. Anyway, this never happened in 
our analysis. On the other hand, if 5*0 > Si 
then mi better fits the data, and we have 
to decide if the improvement is significant 
enough to justify the added complexity. In 
the literature there are different ways to quan- 
tify this improvement, somet imes incorrectly 



(see f or example discussion in lProtassov et al 
120021 ). One of the standard methods is the 
likelihood-ratio test, which uses as test statis- 
tic the difference in S between the two mod- 
els AS". In the case of nested mo dels mo and 
mi, Wilks' theorem ()Wilkdll938h assures un- 



25 



der certain hypotheses that the quantity AS* 
asymptoticahy foUows a distribution with 
n = no.dof — ni^dof degrees of freedom. Unfor- 
tunately, in ah the cases of interest here the 
theorem's hypotheses are not satisfied and the 
reference distribution for AS' is not known. In 
general one should perform dedicated Monte 
Carlo simulations to obtain the reference dis- 
tribution. Performing such simulations for 
each pair of models is not practical. Thus, 
we select three cases of interest (i.e.. Band 
versus Band -I- power law. Band versus Band 
with exponential cutoff, and Band-|-power law 
versus Band -I- power law with exponential 
cutoff) and we perform several million simu- 
lations to evaluate the reference distributions. 
We use the same procedure as above, using 
the simplest model as the null hypothesis, but 
we fit both toq and mi to each simulated data 
set, recording AS". At the end of the sim- 
ulation, the distribution for AS* is used to 
compute the probability P of obtaining a AS 
greater than the observed value, which corre- 
sponds to the complement of the cumulative 
distribution function. In Fig. [6l we plot this 
function for the three cases. We fix an ar- 
bitrary threshold at Pthi> AS) = 1 x 10"^, 
where the statistical error on the simulated 
distribution, visible toward the tail, is still 
low. Pfh corresponds to a significance level 
of ^ 4.2(7, and defines a threshold for AS 
above which we claim a significant detection 
of an extra component. Specifically, Pth cor- 
responds to AS* = 25 for Band versus Band 
-|- power law, AS" = 28 for Band versus Band 
with exponential cutoff, and AS = 20 for 
Band -I- power law versus Band -I- power law 
with exponential cutoff. 

3.5. Analysis Sequence 

The sequence of analyses performed in this 
work is graphically represented in Fig. [T] We 
start our analysis using the best available 
localization provided via GCN typically by 
Swift or the GBM and in some cases by other 
observatories. Detections occurring in Auto- 
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Fig. 7. — Schematic representation of the 
analysis sequence adopted in this work. 



mated Science Pro cessing (ASP) of LAT data 
( Band et al ]|2009l) are also used as inputs. We 
then extract both Transient class and LLE 
data. Wc use the Transient class data to opti- 
mize the location of the GRB. However, if the 
reported position error is significantly smaller 
than the angular resolution of the LAT, there 
is no room for improvement and we adopt the 
"GCN" position. This is the case for localiza- 
tions provided by Swift or by optical obser- 
vatories. On the other hand, if the reported 
position has an error larger than the charac- 
teristic size of the LAT Transient class PSF 
(^^0.5 deg at 1 GeV) - most notably those typ- 
ically provided by the GBM - wc repeat most 
of the steps in our analysis sequence multiple 
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Band Vs Band + Power law Band Vs Band + Power law with Exp. cutoff Band Vs Band with Exp. cutoff 




Fig. 6. — Complementary Cumulative Distribution (1 — CDF) for AS', for three different pairs 
of models: Band versus Band + power law (left panel), Band versus Band + power law with 
exponential cutoff (center panel), and Band versus Band with exponential cutoff (right panel). The 
dashed line corresponds to the complementary CDF of a Xri/2 with n ~ riQ^dof ~ ^^i.do/ (see text). 



times, starting each iteration with the best 
position obtained during the localization step 
of the previous one, until we cannot improve 
the localization further. Typically we repeat 
the analysis 2-3 times until the localization 
obtained in the last step is within the error 
on the localization of the previous iteration. 
This introduce a small number of trials, which 
are also strongly correlated since they only in- 
volve small changes in the analysis configura- 
tion/data. High confidence localization errors 
(90%-95%) are not affected, and we therefore 
decided to ignore this trial factor. The analy- 
sis of Transient class data consists of the fol- 
lowing steps. 

(I) Duration Measurement 

We apply the techniques described in 
S 13.3.21 to compute the duration (Tgg) 
of the burst, using Transient class data. 
We define the "LAT interval" as the 
time interval from T05 to T95 (of du- 
ration T9o= Tgs-Tgs) mcasurcd in this 
step. In case of a non-detection, the 
value of the LAT T90 is not available in 
the following steps. 

(II) Time-resolved likelihood analysis 

The next step consists of a time- 
resolved spectral analysis, which allows 



us to study the temporally extended 
emission systematically, one of the 
common characteristics of LAT GRBs. 
Wc analyze all data contained in Good 
Time Intervals (GTIs, see § [^TT|) 
within 10 ks from the GRB trigger, bin- 
ning them in time. We tested several 
binning schemes, including linear, log- 
arithmic, and Bayesian-blocks binning, 
and the resulting likelihood fit parame- 
ters were consistent among the different 
choices. The logarithmically-spaced 
binning provides constant-fiucncc bins 
when applied on a signal that decreases 
approximately as 1/time, such as the 
extended GRB emissions observed by 
the LAT. We adopt that scheme as the 
starting point, we start from a bin size 
containing at least N events, where N 
corresponds to the number of param- 
eters in the model, plus 2, and then 
we merge consecutive time bins until 
obtaining a minimum TS value. 

Specifically, we divide the data into 
logarithmically-spaced bins, truncating 
bins at the edges of excluded time in- 
tervals when necessary. Then we merge 
bins until each of them has a number 
of counts at least equal to the number 



27 



of parameters of the likelihood model 
plus 2. We then fit each bin using the 
maximum likelihood analysis described 
in § 13.21 obtaining the likelihood and 
the TS value corresponding to the best- 
fit source model. If the resulting TS 
value is lower than an arbitrary thresh- 
old {TS < 16 , corresponding to a pre- 
trials significance >~ 3. 2-3. 8a depend- 
ing on Hdof) we merge the correspond- 
ing time bin with the next one, and 
we repeat the likelihood analysis. This 
step is iterated until one of two condi- 
tions is satisfied: 1) we reach the end 
of a GTI before reaching TS = 16, in 
which case we compute the value of the 
95% CL upper limit (UL) for the flux 
evaluated using a photon index of f^ : 
2) we reach TS > 16, in which case we 
evaluate the best-fit values of the flux 
and the spectral index along with their 
la errors. 

The time interval between the begin- 
ning of the first and the end of the 
last time bin for which TS> 16, named 
"LAT temporally extended time inter- 
val" (hereafter "LATTE"), constitutes 
a rough estimate of the time window 
where the GRB emission is detectable 
with at least a ^ significance. 

(Ill) Characterization of the extended 
emission 

After having characterized the GRB 
in each time bins separately, we study 
the light curve as a whole. Specifically, 
we select the events contained in an 
energy-dependent ROI (see ti2.1.1l) in 
each time bin, building a light curve of 
the detected counts, and we estimate 
the background in each time bin using 
the BKGE. We also compute the ex- 
posure (in cm^s) associated with each 



time bin, using the tool gtexposur^^ 
calculated in each energy- dependent 
ROI separately. This last step requires 
knowledge of the spectrum. For each 
time bin we use the corresponding best 
fit power-law model as found in the bin- 
by-bin analysis described before. We 
note here that in principle the uncer- 
tainty in the best fit parameters for the 
power law would translate into an un- 
certainty in the value of the exposure, 
because of the energy dependence of 
the effective collecting area of the LAT. 
In our case, such an error is typically 
of the order of 5%, which is smaller 
than the systematic uncertainty in the 
response of the LAT, and will be ne- 
glected. 

Summarizing, for each time bin i we 
have the observed number of counts 
Ni (in the energy-dependent ROI), the 
corresponding background estimate Bi , 
and the corresponding exposure Ai. 
Assuming a given model for the light 
curve M (t) (for example a power law) . 
we compute the expected number of 
observed counts in the i-th bin between 
ti 1 and ti 2 as: 




M{t)dt X A^ + B^ 



^''Conventionally the photon index for a GRB spee- 
trum is defined as positive (i.e. dN/dE ft: E~T) 



Wc compare Ni^pred with Ni and look 
for the best fit parameters for the 
model M{t), minimizing a Poisson log- 
likelihood function. We actually used 
the PG-stat log-likelihood function im- 
plemented in Xspec v. 12, which takes 
into account the uncertainty on Bi (see 
i j3.4.2l for details). This technique, 
which might seem unnecessarily com- 
plex, provides a natural way of includ- 
ing in the fit the time intervals during 
which the source is barely detected, or 



'^ ^http : //f erml . gsfc ■ nasa.gov/ssc/data/analysls/scitools/help/gtexposui 
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not detected at all. Indeed, they can 
be treated exactly like all the others, 
by comparing Ni^pred with Ni, even 
if Ni Bi. As a consistency check, 
we also have used the more conven- 
tional technique of fitting M{t) to the 
count-flux light curve as obtained from 
the likelihood analysis, minimizing x^. 
To incorporate information from upper 
limits on the flux computed from the 
unbinned analysi^, we first rescaled 
the one-sided 95% CL UL to two-sided 
68% CL confidence intervals under the 
assumption that the errors are nor- 
mally distributed. Then, we replaced 
the value of the UL with the value of 
a point that would have the 68% CL 
correspond to the value of the UL. To 
obtain reliable values from the fit, we 
required at least one positive detection 
after the peak flux (in addition to ULs). 
The two methods gave virtually identi- 
cal results, and so we provide only the 
values from the second method, the fit 
of the count light curve. 

We consider two models for the light 
curve: a simple power-law model: 

F{t) = Fo X (t/tp)-", 

where Fq and a are the free parameters, 
and a broken power-law model: 

F{t) = Fo X {H{t > h) X (</4)-"i + 

where both indices (ai and are left 
free, the normalization is Fq and the 
break time We measure the time tp 
at which the detected flux reaches its 
maximum value Fp (the "peak flux") 
as the center of the time bin with the 
maximum count flux. We then consider 



two time intervals starting respectively 
at the peak t> tp and after the end 
of the prompt emission t> GBM Tgs. 
For each time interval, we fit the power 
law and the broken power-law models 
and we compare them by performing 
Monte Carlo simulations similarly to 
the procedures described in § 13.4.41 We 
consider a break significantly detected 
when its chance probability is smaller 
than 10~^. In the above, all times are 
with respect to the GBM trigger time. 

(IV) Time-integrated likelihood analy- 
sis 

We now perform the likelihood analy- 
sis on different time intervals, defined 
in Table [1] These intervals are defined 
using combinati ons of the GBM dura - 
tions reported in lPaciesas et al.l (|2012l ). 
the Transient class durations, and the 
"LATTE" time window. If we obtain a 
TS > 20 in any of these time intervals, 
we consider the GRB detected. 

(V) Localization 

We select the interval where the GRB 
is detected with the largest significance 
among those considered in the previ- 
ous step, along with the correspond- 
ing likelihood model, and we generate 
an improved localization using the sec- 
ond method described in § 13.2.21 If the 
new localization has a greater signifi- 
cance and a smaller error than the cur- 
rent one, we repeat the analysis chain 
from the beginning, adopting the new 
improved value. Otherwise, we select 
the old localization and all the results 
of the last iteration of the analysis 
chain as the final ones and proceed to 
the next step. Note that we typically 
perform a few iterations of the whole 
chain. 



^®To calculate UL wc use the python inter- 
face to the Likelihood package, as described here: 



(VI) LLE analysis 

jhttp : //f ermi . gsf c .nasa. gov/ssc/data/analysis/scltools/pythoii_usage_notes .htmltfUpperLlmit | 
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In parallel, we execute the LLE analy- 
sis, which consists of three steps. We 
first extract LLE data, then run the 
detection algorithm on LLE class data 
(see S [3XT|) . Finally, if the GRB is de- 
tected {Spost > 4(7), we evaluate its du- 
ration (see § l3.3.2p . Note that this part 
of the analysis is performed again when 
an improved localization is obtained us- 
ing LAT Transient class data. 

(VII) LAT-GBM joint spectral fits of 
the prompt emission 

Wc use the best available position to 
extract the spectrum of the GRB across 
the whole energy range covered by 
Fermi. We fit the spectrum, following 
the procedure described in § 13.41 We 
perform a spectral analysis in two time 
intervals: the "GEM" time interval de- 
fined in Table [T] and the time interval 
starting when the first LAT photon is 
detected in the GRB ROI and extend- 
ing up to the GBM T95 instant. 

4. Results 

In this section we describe the results from 
our analysis; all tables are collected in §[7] and 
detailed discussions for each detected GRB 
are in Appendix |b1 According to the stan- 
dard definition, GRBs with GBM T90 >2s 
are defined long, while short-duration GRBs 
have GBM T90 <2s. Any upper limits from 
the maximum likelihood analysis are for a 
95% confidence level and are calculated us- 
ing a photon index of 2. We quote fluences 
in two Earth reference frame energy ranges: 
10 keV-1 MeV and 100 MeV-100 GeV, ap- 
propriate to characterize the GRB emission 
as measured by the GBM and LAT respec- 
tively. For all of the quantities a subscript 
("LAT, GBM, EXT") is added, to indicate 
the time interval used to perform the spec- 
tral analysis. Low-energy (10 kcV-1 MeV) 
fluences of non-LAT-detected GRBs are from 



the GBM spectral catalog (jGoldstein et al 



20121 ) and of LAT-detected GRBs from our 
joint GBM-LAT spectral analysis. A discus- 
sion on how the LAT-detected bursts fluences 
compare with the distribution of fluences for 
all the GBM-detected bursts are left for the 
next section. 

4.1. LAT Detections 

We searched for high-energy emission with 
the LAT for the 733 GRBs described in § O 
and detected 35, using the detection criteria 
described in § 13. 3. H and § 13.2.11 Among them, 
28 were detected by our maximum likelihood 
analysis at energies above 100 MeV and 21 
were detected using event-counting methods 
applied to the LLE data. Among the GCN 
circulars issued by the LAT team, three GRBs 
(listed below) were not included in this cata- 
log as they were below the significance thresh- 
old, while we also discovered five not previ- 
ously claimed bursts (GRBs 081006, 090227B, 
090531B, 100620A, and 101123A). Thirty of 
our detected GRBs are of the long-duration 
class and five are of the short-duration class 
(GRBs 081024B, 090227B, 090510, 090531B, 
and 110529 A). 

We list the LAT-detected GRBs in Table H 
and report their trigger times, off-axis angles 
at trigger time, best available localizations 
with errors, redshifts, and references to GGN 
circulars. In the table we also report whether 
these GRBs were detected by the LLE and 
the maximum likelihood analyses. The LLE 
detection significances and the likelihood TS 
values can be found in Tabled 

As a cross-check of our adopted detection 
thresholds and to estimate the rate of false de- 
tections in our sample, we repeated the anal- 
ysis on a sample of "fake GBM triggers" . We 
generated the list of fake GBM triggers by 
changing the real trigger times Tq of the in- 
put list to To — 11466 s, corresponding to ap- 
proximately two orbits before the true trigger. 
The standard operating mode for the Fermi 
spacecraft is to change the rocking angle every 
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orbit, viewing alternately the northern and 
southern orbital hemispheres. Thus, with the 
exception of ARRs, the "fake" sample has 
very similar background conditions with re- 
spect to the true sample. Excluding the ARR, 
for each fake GRB trigger, we computed the 
TS value in a series of time intervals (of 1, 3, 
10, 30, 100, 300, and 1000 s duration), kept 
the highest TS value we obtained for each fake 
GRB, and compiled them into a cumulative 
distribution. Figure [5] compares the cumula- 
tive distribution with the same distribution 
for the true GEM trigger sample. Both dis- 
tributions have been normalized to unity for 
TS=0 [i.e. P(TS>0)=1]. For the fake trig- 
gers, we did not obtain any value for the TS 
greater than TSmiTt=20 (our nominal detec- 
tion threshold). The excess of the TS distri- 
bution of the true GRB sample with respect 
to the null distribution for TS>20 is evident. 
It is important to note that the full analysis 
chain performed on the actual data and de- 
scribed in the previous section also optimizes 
the time window to compute the likelihood 
analysis, a task which is not included here. 

As mentioned above, in addition to the 
GRBs reported here, the LAT team has re- 
ported detections of 3 other GRBs via GCN, 
but for the reasons explained below we have 
not included these events in the final table 
as they were formally below the detection 
threshold set for this catalog. These are: 

• GRB 081224 for which a tentative on- 
board localization with the LAT was de- 



livered via GCN (jWilson-Hodge et al 
200ah . Further on-ground analysis did 



not confirm the signal excess found in 
the LAT data, and a retraction GCN 
notice was issued (jMcEnervl l2008bf ). 
Whereas the GBM light curve is a broad 
single pulse event lasting ~17 s, the 
LLE light curve shows a narrow spike 
at To which is not associated with the 
main pulse in the GBM, with a low sig- 
nificance of S.lcr only. 




Fig. 8. — Top: Normalized cumulative dis- 
tribution of the maximum value of the Test 
Statistic (TS) obtained by performing likeli- 
hood analysis in different time windows. The 
dotted line with shaded grey area is the distri- 
bution of TS for a sample of fake GBM trig- 
gers, and the solid black line is the distribu- 
tion for the sample of real GBM triggers. 



GRB100707A which had a signifi- 
cance of 3.7 a using the LLE data. 
This result confirms the early detec- 



tion ( Pelassa fc Pesce- Rollins 2010[ ) ob 



tained with a dedicated event selection 
which was required by the burst incli- 
nation of ~90° at trigger time. 

GRB 081215 which was similarly ob- 
served at a large off-axis angle and the 
LAT team detection for the GCN circu- 
lar was b y means o f a ded icated event 
selection (jMcEnerv l2008al) . However, 
this burst was not detected by either of 
our methods here, having a very low sig- 
nificance in both the LLE and standard 
likelihood analyses. 



Using matched-filter techniques lAkerlof et al 
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( 201C ). lAkerlof et alj (|201l[ ) and lZheng etal 



20121) reported that GRBs 080905A, 090228A, 



091208B, 100718A and 110709A are possibly 
detected by the LAT. By means of a count- 
ing me thod based on the L AT Diffuse class 
events, iRubtsov et ail (|2012l ) also claimed the 
detection of 4 new candidates: GRBs 081009, 
090720B, 100911 and 100728A. We concur on 
some of these GRBs: 



• GRB 080905 A (localized by Swift lEvans et al 
20081) corresponded to only a marginal 
significance (TS=16.8), lower than our 
detection threshold. Additionally, no 
signal was detected in LLE data. 

• GRB 081009 is a GBM-detected burst, 
which was not detected by Swift. In 
our analysis, the final value of the TS is 
14, which is below our detection thresh- 
old. Also the GRB is not detected in the 
LLE data above our detection threshold 
of 4 cr, likely due to the high inclination 
of 94?5 at the trigger time. 

• GRB090228A has TS=20 after opti- 
mization of its position. However, the 
TS map is entirely driven by two 5-GeV 
events in spatial coincidence, instead of 
being due to several events. Moreover 
our LLE analysis returned a null detec- 
tion. In order to accommodate two high 
energy events and essentially no events 
at low energy the photon index of this 
GRB should have been greater (harder 
spectrum) than 1, which is not very re- 
alistic as the energy (and the number 
of events at high energy) would tend to 
infinity. 

• GRB 090720B is also found by our like- 
lihood analysis, is not seen in LLE data, 
and will be discussed in more detail in 
subsequent sections. 

• GRB 091208B is locahzed by Swift and 
our analysis finds the maximum TS=20. 
It is a marginal detection with only 



three events associated to the burst lo- 
cation. However, in this case the TS 
value reaches the threshold and the 
spectral shape is convincing, so we con- 
sider this a detection for the catalog. 

GRB 100718A is a GBM-detected burst, 
which was not detected by Swift. We 
note that the location of this GRB 
is only 0°.5 (with an uncertainly of 
approximately 6°) from the position 
of the Vela pulsar (jAbdo et al'l l2009j . 
2010cl ). which is the brightest steady 
7-ray point source in the sky. The re- 
ported GBM localization error is ap- 
proximately 6°, compatible with the 
location of Vela. Including a point 
source at the position of Vela, with 
the flux fixed to th e value reported in 
Nolan et ahl (|2012al lbl). the final value 
of the TS is well below our threshold. 
Also the LLE lightcurve doesn't show 
any structure above threshold. 

GRB 100728 A is found by our pipeline 
during the "LATTE" time interval with 
a TS=:32 selecting the time interval 
between 5.6 and 749.9 seconds after 
the GBM trigger. In addition, a ded- 
icated article has already been pub- 
Ushed (|Abdo et all l201l[ ) by the LAT 
and GBM collaborations. 

GRB100911A was detected by the 
GBM when the direction of the burst 
was very close to the Earth, with an 
angle from the local zenith of approxi- 
mately 105°. In order to minimize con- 
tamination from the bright limb of the 
Earth, we rejected any data taken dur- 
ing intervals for which the ROI inter- 
sected the Earth's limb, a cut that is 
more conservative than requiring that 
the GRB is not occulted by the Earth. 
As a consequence GRB100911A was 
not detected. 

GRB 110709A is also found by our like- 
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4.2. 



liliood analysis, is not seen in LLE data, 
and will be discussed in more detail in 
subsequent sections. 

Emission Onset Time and Dura- 
tion in the LAT 



We applied our duration measurement al- 
gorithms to all of the significantly-detected 
GRBs as described in § 13.3.21 Our results are 
shown in Table [3l 

Referring to the durations reported in the 
GBM GRB catalog (jPaciesas et al.ll2012[ ). we 
report in the second column whether the GRB 
was categorized as long (L) or short (S) as 
determined from the measured Tgo in the 
50 kcV-300 kcV energy bands. Our results 
consist of two sets of T05 and T95, deter- 
mined using the Transient event class (de- 
noted as "LAT" ) and the LLE event class (de- 
noted as "LLE" ) . We report a duration mea- 
sured with an event class only if the GRB was 
also detected using that same event class. In 
two cases (GRBs 090926A and 100116A), the 
burst emission persisted long enough that our 
algorithm failed to detect a plateau before the 
end of the first continuous segment of obser- 
vation. For these cases, we report lower limits 
for the LAT Tg5 and T05. This work produced 
the first-ever set of GRB durations measured 
at high (MeV/GeV) energies. 

The quantities compared in Table [3] are the 
onset time (reported here as T05 and shown in 
Fig. H]) and the duration of the GRB emission 
(reported here as Tgo and shown in Fig. [T0| . 
In the top panels of Figs.lQjandlTOlwc compare 
the >100 MeV LAT Transient class duration 
measurements to the GBM results (in the 
50 keV~300 keV energy band), while in the 
bottom panels we compare the tens-of-MeV 
LLE duration measurements to the GBM re- 
sults. As shown in the top panels of both 
figures, the LAT-detected >100 MeV emis- 
sion systematically starts later and has longer 
duration with respect to the GBM-detected 
emission. On the other hand, the bottom 
panels of both figures show that the durations 



measured using the LLE data are in better 
agreement with those measured by the GBM. 
Any deviation from the equal-duration line of 
the LLE versus GBM plots can be at least 
partially explained as due to spectral varia- 
tions during the time of the GRB emission, 
something that can be easily observed in the 
light curves reported in Appendix |B] 

As was mentioned in § I3.3.2| the dura- 
tion estimates are sensitive to the level of the 
background. Thus different detectors, such 
as the GBM and LAT, or different event se- 
lections, such as the LAT Transient and LLE 
class events, could produce different dura- 
tion estimates as a consequence of their very 
different signal-to-noise ratios. This can par- 
tially explain the systematically-longer dura- 
tions (Tgo) estimated using the LAT Tran- 
sient class events, but would not explain the 
systematically later onset times (T05). We 
also note that a possible selection effect could 
arise owing to the typical GRB off-axis angles 
at the trigger time. Bursts that are initially 
at the edge of or outside the LAT FoV (i.e., 
having high > 60° off-axis angles 9) enter 
the LAT FoV after some time (of the order 
of a few seconds), thus introducing a delay 
between the onset of the GBM and LAT ob- 
served signals. Even though we weight the 
LAT detected signal by the inverse of the ex- 
posure to ameliorate this effect, we cannot 
eliminate it since the weighting is not effec- 
tive for the cases in which no GRB Transient 
class events are detected at all by the LAT. 
This effect might partially explain the de- 
lays of GRBs 090323 and 090328A. For most 
of the other cases, however, the GRB has a 
small enough off-axis angle at onset to permit 
sufficiently sensitive prompt observations (as 
shown by the 9 column in Tabled]). 



4.3. MsLximum Likelihood Analysis 

We split GRB observations into 6 time 
intervals listed in Table [1] and performed a 
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Fig. 9. — Top: Comparison between the 
>100 MeV To5 as measured using the LAT 
Transient class events and the 50 keV- 
300 keV To5 as measured by the GBM. Bot- 
tom: Comparison between the LLE T05 and 
GBM T05. The dashed hne indicates equal- 
ity. Long duration GRBs are plotted with 
blue symbols, and short GRBs are plotted in 
red. The 4 brightest LAT-detected bursts are 
plotted with square symbols and labeled. 



Fig. 10. — Top: Comparison between the 
>100 MeV T90 as measured using the LAT 
Transient class events versus the 50 keV- 
30 keV Tan as m easured by the GBM 



(jPaciesas et al.ll2012n . Bottom: Comparison 
between the LLE T90 and GBM T90. The 
dashed lines correspond to LAT T9o=GBM 
T90 and LLE T9o=GBM T90, respectively, in 
the top and bottom panels. The symbol con- 
vention is the same as in Fig. HI 



LAT-only spectral analysis using the maxi- 
mum likelihood technique described in § 13.2 



Since in the "PRE" interval the GRB is not 
detectable (by construction), we omit report- 
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ing results from this interval, and we focus 
on the five remaining time windows. The re- 
sults of this analysis, namely the TS, the best- 
fit photon index, the flux and fluence for the 
100 MeV-10 GeV energy range are presented 
in Table SI When possible, we also com- 
pute the isotropic equivalent energy Eiso in 
the 100 MeV~l GeV rest-frame energy band. 
In the same table, we also report the num- 
ber of detected events (originating from both 
the GRB and any possible background com- 
ponents), and the number of events from the 
GRB as predicted by the likelihood fit. These 
numbers are for the 100 MeV-10 GeV energy 
range in the observer frame. 

4-3.1. Fluxes and Fluences 

Figure [TT] shows the flux and fluence mea- 
sured by the LAT in the "GEM" (top two 
panels) and "LAT" (bottom two panels) time 
intervals as a function of the durations of 
these time intervals (i.e., GBM and LAT Tgg 
respectively). The fluxes and fluences pre- 
sented in these figures are for the 100 MeV~ 
10 GeV energy range. Interestingly and as 
can be seen in the bottom right panel of 
Fig. [TTl within the first 3 years of opera- 
tions the LAT has detected 4 very-high flu- 
ence bursts GRBs 080916C, 090510, 090902B, 
and 090926A that arc outliers with respect 
to the main distribution of the LAT-detected 
GRBs. We will revisit these hyper-fluent 
bursts in § 15.21 where we discuss the ener- 
getics of Fermi-LAT detected GRBs. 

4.3.2. LAT Localizations 

Wc evaluate localizations from the LAT for 
all GRBs detected by the maximum likelihood 
analysis by searching for the maximum of the 
TS map according to the procedure described 
in § 13.2.21 We present our results in Table [5l 
in which we report the position of the maxi- 
mum of the TS map (i.e., the LAT localiza- 
tion) along with its 68%, 90%, and 95% sta- 
tistical errors. 



4.3.3. High-Energy Photon Events 

We report the energies and arrival times of 
a set of interesting high-energy photons that, 
according to our likelihood analysis (as de- 
scribed in § I3.2.3p . have a high probability 
(P>0.9) of being associated with the GRBs. 
Specifically, we give information for the fol- 
lowing events: 

• The highest-energy Transient class LAT 
7-ray in the "GBM" time window (Ta- 
ble [S]); 

• The highest-energy Transient class LAT 
7-ray in the interval starting from GBM 
T95 and ending at the end of the "EXT" 
window (i.e. from the end of the mea- 
sured duration in the GBM data up to 
the end of the LAT measured duration. 
Table [H); 

• The highest-energy Transient class LAT 
7-ray detected in the time-resolved like- 
lihood analysis (Table [8]). 

The results are shown in Tables [6l [71 and 
m These results show that the detection of 
high energy events with GRB point source 
probabilities P>0.9 is not strongly correlated 
with features in the GBM light curve. In a 
few cases, such as GRB 090510, such events 
are coincident with bright pulses in the GBM 
light curve, but more often the most ener- 
getic event is detected after the intense low- 
energy emission, as with the 33.39 GeV event 
detected at To+81.75 s from GRB090902B, 
which is the highest energy ever observed 
from a burst. GRB 100728A is particularly 
interesting since a 13.54 GeV event was de- 
tected ~90 minutes after the trigger time. 
This is the only case in which we observe 
such a late event, and it can potentially con- 
firm that high-energy 7-rays can arise very 
late in ti me, as observed from GRB 940217 by 
EGRET (jHurlev et al.lll994bl ). On the other 
hand, GRB 100728A is not significantly de- 
tected at the time the highest-energy event 
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range for the "GBM" (top row) and "LAT" (bottom row) time intervals as functions of the durations 
of these intervals. The symbol convention is the same as in Fig. |9l 



is observed (similarly to GRBs 090217 and 
1001 16A reported in Table [8|), thus the prob- 
ability P=0.987 that the 13.54 GeV event is 
associated with the burst must be taken with 
caution. Considering the trials factors, this 



probability would be further reduced, weak- 
ening the case for hours-scale high-energy 
emission. A detailed analysis of the proba- 
bility corrected by the trials factors would be 
non-trivial as the background strongly varies 
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as a function of the location in orbit, and 
it is beyond the scope of this paper. Fig- 
ure [12] shows the energies and arrival times 
for the highest-energy 7-rays associated with 
LAT GRBs. The estimated errors are com- 
puted from the energy dispersion in the In- 
strument Response Functions and it is of the 
order of 10% for energies >lGeV. When pos- 
sible, we also indicate the source frame en- 
ergy. 




ArrivalTime [s] 



Fig. 12. — Observed (upward triangles) and 
rest frame (downward triangles) energy and 
arrival time for highest-energy events associ- 
ated with long (blue) and short (red) LAT 
detected GRBs. Vertical dashed lines connect 
the observed and the rest frame energy for the 
same burst. Data points are from Table |8l 



4.3.4- Temporally Extended Emission 

To study the temporal decay of the ex- 
tended emission detected by the LAT, we 
utilized the time-resolved analysis described 
in § 13.51 We first visualized any detected 
extended emission using fiux light curves 
(shown in Appendix [B]), and then calculated 
the peak-flux value Fp and the time of the 
peak flux tp, quantities shown in the two top 
panels of Fig. [I4l In the time-resolved analy- 
sis we adaptively changed the size of the time 
bin width in order to signiflcantly detect the 
source, so Fp corresponds to the average flux 



in the time bin of the maximum, and as a 
result it is more precise, (i.e., with a smaller 
uncertainty) for bright GRBs than for faint 
GRBs. 

The 4 most luminous bursts detected by 
the LAT have some of the highest peak fluxes 
in the ensemble, all exceeding 10^"^ cm~^ s~^. 
Among the rest of the bursts, GRBs 081024B 
and 110721 also have notably high peak 
fluxes. GRB 100728A was at the edge of the 
FoV at the time of the GBM trigger and was 
detected only at later times. It has by far the 
lowest peak flux of all GRBs, at least an order 
of magnitude lower than the rest of the popu- 
lation; however, its value is possibly affected 
by large systematic errors. 

We also applied the methods described in 
§ 13.51 to the subsample of GRBs with de- 
tected extended emission. We detected tem- 
poral breaks in the decay of the extended 
emission of three bright GRBs: GRB 090510, 
GRB 090902B and GRB G90926A. In the top 
panel of Fig. [13] we show their luminosi- 
ties as functions of rest-frame time, as well 
as the best fltting broken power-law mod- 
els. The later points in the light curves 
are very important to constrain the break, 
but they also would be the most affected by 
any unaccounted-for systematic uncertainties 
arising, for example, from the background 
estimation or the exposure calculation. In 
the bottom panel of Fig. [T3] we again report 
the luminosity as a function of the rest-frame 
time, but for all the GRBs in the subsample. 
In Table [9] we report the results of this analy- 
sis. For the three GRBs with temporal breaks 
we report the decay index starting from the 
peak flux and before the break ai, the decay 
index after the break a2, and the break time 
tb. For all other GRBs, we report the decay 
index for the whole extended emission start- 
ing from the peak fiux, and the decay index 
for the light curve starting from the end of 
the low-energy (GBM) emission. 

Referring to Table [9] we also define the 
"late-time decay index" a^, which corre- 
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Fig. 13. — Top: The decay of the luminosity 
L with time measured in the rest frame for the 
3 GRBs in which we detect a significant time 
break. Dashed-dotted Hnes are the best fits 
of the broken power law model to each GRB, 
while dashed crosses are the luminosities be- 
fore the peak times, which have not been used 
in the fits (see text). Bottom: the same quan- 
tities for all the GRBs with detected extended 
emission. 



sponds to the decay index measured after the 
GBM T95 (tti = a) for all GRBs except the 
three for which we detect temporal breaks, 
for which it corresponds to the decay index 



after the break {ol ^ ct2). In the third panel 
of Fig. [14] we report for all of the GRBs 
of the subsample. 
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Fig. 14. — Quantities characterizing extended 
high-energy emissions detected by the LAT. 
Top: peak flux, middle: time of the peak flux 
and bottom: temporal-decay index a^. 



4.4. Joint GBM-LAT Spectral Fits 

For each GRB detected with the LAT we 
performed joint GBM-LAT spectral analyses 
in two time intervals, following the procedure 
described in ij3.4l We started by analyzing 
data taken in the "GBM" time window for 
all detected GRBs. The results of this anal- 
ysis are presented in Tables [10] and [TT] Since 
the emission at energies >100 MeV is de- 
layed with respect to that at lower energies, 
we also performed a spectral analysis in the 
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time interval between the first Transient class 
7-ray detected by the LAT within the energy- 
dependent ROI of the GRB and the GBM 
T95, in order to maximize the signal-to-noise 
ratio at high energies {E > 100 MeV). We 
report the results of this analysis for all the 
bursts detected by the LAT in Table [H The 
first table (Table [TU)) summarizes the model 
that best fits the data for each GRB, ordered 
by fluence. We also report the off-axis angle, 
which is a proxy for the detection efficiency of 
the LAT for equal exposure time (high off-axis 
angle means low efficiency) . Tables [TT] and [12] 
contain three sets of columns: the main com- 
ponent section, the additional component sec- 
tion, and two columns with the total fluence 
(in the 10 keV-10 GeV band) and the value 
of PG-stat (see ^3.4.2|) with the number of 
degrees of freedom. Each spectrum is mod- 
eled by one main component (either a Band 
model or a Comptonized model or a logarith- 
mic parabola) and one or two additional com- 
ponents (power-law and/or exponential cut- 
off) when needed (see again §3.4.3|) . The 
SBPL model does not provide the best fit for 
any GRB in our sample, so we do not include 
it in either Table [TT] or [T^] Only the columns 
corresponding to the parameters of the com- 
ponents used in the best fitting model are en- 
tered. When a spectrum requires additional 
components, wc report separately the fiuence 
corresponding to the main component and the 
fiuence corresponding to the additional com- 
ponents. 

To elaborate on the table entries, consider 
the results of the time integrated analysis re- 
ported in Table [TT] the first entry refers to 
the spectrum of GRB080825C, which is best 
described by a Band model, thus only the 
columns referring to the parameters of the 
Band model are filled, and only the total flu- 
ence is reported. On the other hand, the spec- 
trum of GRB 090926A is described by a Band 
model plus a power law with an exponential 
cutoff. Correspondingly, all columns for the 
parameters of those components are filled, as 



well as the columns for the total fiuence and 
the fiuences for the first component (Band) 
and the second component (power law with an 
exponential cutoff), respectively. The spec- 
trum of GRB100724B is instead described 
by a Band model with an exponential cut- 
off, so all of the corresponding columns are 
filled. Note that there are no partial fiuences 
reported in this case, since the exponential 
cutoff is a multiplicative term. In the case of 
GRB 110731A, we reported in Table [JJ] both 
the Band-only fit and the Band plus power 
law fit, even if the extra component is not 
significant according to our criteria, since the 
power law is clearly detected in the other 
time interval as reported in Table [T^ and thus 
Band plus power law is arguably a more ac- 
curate model for the "GBM" time window as 
well. 

Some bursts have been detected only by 
the LLE photon counting analysis since they 
were outside the nominal LAT FoV {9 > 70 
deg, see Table [2]) at the time of the trig- 
ger. These include GRB090227B, 100826A, 
101123A, and 110625A. GRB 101014A was 
detected too close to the Earth's Limb at the 
time of the trigger, resulting in a very low ex- 
posure for the LAT due to the zenith-angle 
cut (see S I2.1.ip . For these LLE-only detec- 
tions, it is not possible to obtain a spectrum 
from LAT standard data, and so we use only 
GBM data. 

4-.4-1- Extra components 

Wc found that four GRBs clearly re- 
quire a power-law added to the Band spec- 
trum in both time intervals that we studied. 
Two cases, GRB 09 0510 and GRB090902B 
are already known (jAckermann et al. I l2010bl : 



Abdo et al. 2009e[ ). The two additional cases 
are GRB080916C and GRB110731A. Dur- 
ing the "GBM" interval for GRB080916C, 
we obtain a value of PG-stat S = 519 (with 
356 d.o.f.) with the Band model alone, while 
we obtain S = 485 (with 354 d.o.f.) adding 
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an extra power-law. The value AS* = 34 is 
well above our detection threshold of 25 (see 
§ I3.4.4p . It corresponds to a chance proba- 
bility of ~ 1 X 10^^ or possibly lower (see 
Fig. [6]). The possibility for an extra com- 
ponent was already con sidered in our firs t 
pubhcation on this GRB (jAbdo et al.ll2009cl) . 
but the significance of the power-law was 
not high enough to claim a firm detection. 
Now, thanks to a better understanding of the 
background in the LAT with the use of the 
BKGE, and a better calibration of the GBM 
instrument, we obtained convincing evidence 
for such a claim. We also detect an extra 
component in GRB 11073 1 A, as published in 



Ackermann et al 



(|2012bl ). In the "GBM" 
time interval, the significance of this compo- 
nent is below our threshold, but in the LAT 
time interval, with a better signal-to-noise ra- 
tio, we obtain AS = 42. This result is fully 
compatible with what we already published. 




Time since GBtA trigger [sec] 



Fig. 15.— Position of GRB 100414A in the 
FoV as a function of the time since the GBM 
trigger. The y-axis is the off-axis angle. The 
green box is the GBM Tgo while the red 
dashed line represents the edge of the FoV. 



We also find an extra component in 
GRB 100414A, but in this case we highlight 
some possible problems with the analysis. We 
refer to Fig. [12] that shows the off-axis angle 
of the GRB as a function of the time since the 
GBM trigger. During the GRB prompt emis- 
sion, this GRB was at the edge of the FoV 
of the LAT, where the effective area is small. 
In addition, the ARR maneuver was partic- 



ularly fast in terms of angular speed for this 
GRB and happened during the GBM Tgo, re- 
sulting in rapidly changing backgrounds and 
effective area at the source location, which 
could create large and difficult to evaluate sys- 
tematic uncertainties. Indeed, in the "GBM" 
time interval the spectrum is better described 
by a Comptonized model with an additional 
power-law, while in the LAT time interval 
the statistically preferred model is a Band 
function. In this case we cannot significantly 
claim the detection of the extra power-law 
component. 

We confirm the detection of a cutoff 
around 1.5 GeV in the extra component of 
GRB090926A as previo usly published by 
lAckermann et al" ( 2011a ). and we also sig- 
nificantly detect a new cutoff at lower en- 
ergies in GRB 100724B. For the latter, con- 
sidering again the "GBM" time interval, we 
find S = 977 with 469 d.o.f. using the 
Band model, while adding an exponential 
cutoff wc find S = 734 with 468 d.o.f. The 
value AS" = 243 is well above our threshold 
AS* = 28. Discussion of the physical implica- 
tion of these findi ngs is outside the s cope o f 
the present paper. lAckermann et al.l (|2012bf ) 
found a hint for another cutoff at high energy 
with a significance of ^ 4cr in the time inter- 
val starting from the LAT T05 and ending at 
the GBM T95. We refer the reader to that 
paper for details. 

5. Discussion 



In this section, we describe the emergent 
properties of LAT-detected GRBs revealed by 
this study. 

5.1. Broadband spectroscopy 

5.1.1. A Band model crisis? 

Before the launch of Fermi, GRBs were 
mainly studied in the energy range from a 
few keV to a few MeV, with the c atalog of 
BATSE (|Kaneko et al.ll2006l liooiat) . consti- 
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tuting the largest sample available to date. 
Several spectroscopic analyses have been per- 
formed on that sample, showing that most 
of the GRB spectra are well described by 
a Band model, a Comptonized model, or a 
smoothly broken p ower-law (SBPL) model 
( Preece et ai1l2000li . LAT-detected GRBs are 
bright in the GBM energy band, which is 
very similar to the BATSE band, and thus 
we can compare our detection statistics with 
those found in the b right BATSE sample by 
(I2OO6I) . 



Kaneko et al 



In Table [TO] we report 
all LAT-detected GRBs, ordered by fluence, 
and the model that best describes the spec- 
trum over the GBM time interval. For con- 
venience we also report their off-axis angles 9 
at the trigger times. We exclude GRBs out- 
side of the nominal FoV (6' > 70°). Wc also 
exclude GRB 101014A which was too close to 
the Earth limb to allow a spectroscopic study. 



Kaneko et al.l (120061 ) found that the spec- 



tra of ~85 % of the brightest 350 BATSE 
GRBs are well described by a Band func- 
tion, while we find that 70% of LAT-detected 
GRBs arc well described by either a Band 
model or a Comptonized model, which is sim- 
ilar to a Band model with a very soft value 
of /3. Given the small size of our sample, 
the two fractions are very similar. Addi- 
tionally, iKaneko et all (|2006[ ) found that 5% 
of BATSE GRBs require the more complex 
SBPL model, while no LAT-detected GRB re- 
quires it. Again, this is very likely to be due 
just to the small size of our sample. 

On the other hand, TablcfTUlshows that the 
spectra of all of the brightest bursts inside the 
LAT FoV present significant deviations from 
a Band function, requiring additional compo- 
nents. Other GRBs, observed with low 9 an- 
gle and correspondingly high effective area, 
show deviations as well. The phenomeno- 
logical Band model, implemented for BATSE 
GRB observations up to a few MeV, does not 
seem to describe bright or well-observed LAT- 
detected GRBs sufficiently. 

For each GRB with a very high signal-to- 



noise ratio in the LAT data, we find that 
the Band model needs to be supplemented 
with additional components or modified with 
a cutoff. There is no common recipe to fit 
all Fermi GRBs: for the bright GRBs 090510 
and 090902B, an additional power- law com- 
ponent, extending from low to high energies 
is required; for GRB 100724B a cut-off in the 
high energy spectrum is needed in order to 
explain the rapid drop-off of the flux at high 
energies; the case of GRB090926A is even 
more complex, with both a power-law and a 
exponential cut-off requi red to describe the 
spectrum. O ther works (IGuiriec et al.l 12011 



Zhang et al.ll2011l ) use a thermal component 
added to the Band function. This difficulty 
arises thanks to the greatly broadened energy 
coverage provided by Fermi with respect to 
BATSE, and accurate GRB spectroscopy in 
the Fermi era requires improved broad band 
modeling. 

5.2. Energetics 



Cenko et al.l (|201ll ) and iRacusin et al 



(j201l[ ) have studied the energetics of the 
afterglows of LAT-detcctcd GRBs and con- 
cluded that they are among the most lu- 
minous afterglows observed by Swift. We 
start our analysis by examining the proper- 
ties of LAT-detected GRBs in the context of 
the prompt emission and compare the high- 
energy properties measured by the LAT to 
the low-energy properties measured by the 
GBM. 

5.2.1. Prompt Phase Energetics 

Wc first study the fluence. and then con- 
tinue with the subsample of GRBs that have a 
measured redshift and examine intrinsic GRB 
quantities. Even though intrinsic properties 
are, by far, more interesting for understand- 
ing the physics, properties measured in the 
observer's frame (such as the fluence or the 
peak flux) are sometimes more instructive 
from the experimental point of view, as they 
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can reveal observational biases and selection 
effects. 

In Fig. [ini we compare the fluence mea- 
sured by the GBM in the 10 keV-1 MeV 
energ y band for the full G BM spectral cat- 
alog (jGoldstein et al.ll2012l) to the 10 keV~ 
1 MeV fluence of LAT-detected GRBs. Since 
the LAT observations are photon-limited, the 
detection effici ency is directly re lated to the 



source fluence (iBand et al.ll2009[) . This is in 



contrast to the GBM data, which are back- 
ground dominated and the peak flux is a bet- 
ter proxy for the detection efficiency. 



iGBliil Catalog 
LAT Catalog 
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Fig. 16. — Distribution of the energy fluences 
in the 10 keV-1 MeV energy range for the 
bursts detected by the LAT compared with 
the fluences in the same energy band for the 
entire s ample of GRBs in the GBM spectral 
catalog (jGoldstein et al.ll2012l ). 



In general, LAT detected GRBs are among 
the brightest detected by the GBM, populat- 
ing the right-hand side of the fluence distri- 
bution. The brightest GRB in the GBM cat- 
alog is GRB 090618 (jMcBreenl [2009al) . also 
detected by AGILE (MINIC AL and Super- 
AGILE) (iLongQ et al.| [2009bh and Swift-BAT 
( Schadv et all |2009[) . but not detected by 



the LAT because it occurred outside its 
FoV (e'=132°). The second brightest GRB 
in the GBM catalog is the LAT-detected 
GRB090902B. More interestingly, there are 
a few cases of bursts that were not particu- 
larly bright in the GBM, yet were detected 
by the LAT, namely short GRBs 081024 and 
090531, which have a relatively small fluences 
compared to the rest of the GBM-catalog 
bursts, mainly because of their short du- 
rations (<20% and <30% quantile of the 
distribution). The former was detected by 
the LA T up to ~GeV energies (jAbdo et al 



2010b[ ). while the latter was detected only at 



low energies by the LLE analysis. Note how- 
ever that the published GBM catalog includes 
bursts only up to the beginning of 2010 July. 
Thus, it does not contain a significant part of 
our sample, and in particular GRB 100724B, 
which has the highest fluence in the GBM 
energy range in our sample (see Table ITU)) . 

The top panel of Fig. [T7] shows the fluence 
measured by the LAT versus the fluence mea- 
sured by the GBM in the "GBM" time win- 
dow. The plotted GBM fluences were pro- 
duced by the joint GBM-LAT spectral anal- 
ysis in this study, in accordance with the 
best- fit spectral model described in Table [TTl 
LAT fluences calculated from the LAT-only 
maximum-likelihood analysis and from the 
joint GBM-LAT spectral fits are both shown 
in the figure. Generally speaking, the agree- 
ment is good, however, for bright bursts the 
two methods produce results that are in slight 
disagreement. This arises because we use 
a two-component model in joint GBM-LAT 
spectral fits, with the low-energy component 
(a Band model or a Comptonized model) hav- 
ing a non-negligible contribution at high en- 
ergy. Thus, both the photon index and the 
normalization for the power-law component 
arc different with respect to the maximum- 
likelihood analysis, which uses a power law 
only. 

The bulk of the LAT GRB population, pri- 
marily composed of long GRBs, has a ratio 
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Fig. 17. — Fluence measured by the LAT ver- 
sus the fluence measured by the GBM in the 
"GBM" time window (top panel) and in the 
"LAT" time window (bottom panel). The 
three dashed lines denote the 100%, 10% and 
1% fluence ratios. Colored symbols follow the 
convention of Fig. [HI Additionally, we also use 
gray circles for joint-fit results. 



of high- (100 MeV-10 GeV) to low-energy 



Fig. 18. — Fluence measured by the LAT 
during the "LAT" time interval versus the 
redshift. The two dashed lines in this fig- 
ure denote a fluence of 3xl0~^crgcm~^ and 
2xl0~^crgcm~^, with the first number cor- 
responding to an approximate empirical LAT 
detection threshold and the second simply de- 
noting a minimum fiucncc for the four hypcr- 
fluent bursts. The symbol convention is the 
same as in Fig. |9l 



(10 keV-1 MeV) fluence < 20%. It is in- 
teresting to note that the three short LAT- 
detected bursts (red symbols in Fig. [17]) have 
a greater ratio of high- to low-energy flu- 
ence than the bulk of the long-GRB pop- 
ulation (blue symbols). Two short bursts 
GRBs 080825C and 090510 have the two high- 
est ratios (over 100%), and the short burst 
GRB090227B also has a relatively high ra- 
tio (^-^10%). This reflects the well-known 
fact that short GRBs have harder spectra 
than do long duration bursts. On the other 
hand, since the high-energy emission typi- 
cally lasts longer than the low-energy emis- 
sion, and since in this plot the integration 
time is the same (the GBM Tgg) for both 
axes, only part of the emission at high en- 
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ergies is included in the calculation of the flu- 
ence. For this reason, we also integrate the 
fluence between 100 MeV and 10 GeV over 
the full LAT Tgo time window and in the bot- 
tom panel we compare this quantity with the 
fluence as measured by the GBM during the 
GBM time window. In this way, we better 
account for the energetics in the LAT energy 
range. The LAT measurements in this panel 
were all derived from the likelihood analysis of 
this study. Because we were not able to mea- 
sure durations in the LAT energy range for 
all bursts, this panel has fewer entries than in 
the top panel. Similarly to the above, short 
GRBs appear considerably more efficient at 
radiating at high energies than at low ener- 
gies. 

In both panels of Fig. [TTl we can see 
the four hypcr-fluent LAT bursts, GRBs 
080916C, 090510, 090902B, and 090926A, 
having evidently greater emission in the LAT 
energy range compared to the rest of the GRB 
population. The discrepancy increases when 
comparing the high-energy emission mea- 
sured in the generally-longer LAT time win- 
dow to the low-energy emission measured in 
the GBM time window, a result of the bright 
extended high-energy emissions of these four 
bursts. 

It is worth examining whether the four 
brightest LAT bursts appear bright because 
they are systematically closer to us compared 
to the rest of the GRB population. As can be 
seen in Fig. llSi which shows the fluence in the 
LAT energy range and the LAT time window 
versus the redshift, this is not the case. In the 
figure we denote an empirical LAT-dctection 
threshold, for which we caution the reader 
that since the minimum fluence at which the 
LAT can detect a GRB depends on the posi- 
tion of the GRB in the LAT FoV, as weU as 
on the intrinsic properties of the GRB (pho- 
ton index, duration, etc.), this threshold is 
just a crude estimate for reference. 

To quantify the energy release at the source 
in some source- frame energy range E1-E2, we 



compute the isotropic equivalent energy E 
as: 

,2 S{Ei,E2,z) 



Ei,o = AT:dL{zY 



l + z 



(5) 



where dL{z) is the luminosity distance of a 
source at redshift z, and S{Ei, E2, z) is the 
fluence of the source integrated in the source 
frame energy range Ei and E2: 



SiE,,E2,z)^ E^^dE 

JEi/{1+z) "-t^ 



(6) 



with 



dN{E) 



describing the spectral model. 
The choice of the energy band used to com- 
pute the isotropic energy is important and 
requires some discussion. In order to calcu- 
late the bolometric isotropic energy, the en- 
ergy band must be as broad as possible. On 
the other hand, the calculation in principle 
should include only the portion of the spec- 
trum that has been directly measured (i.e., 
constrained by the data) or a potentially- 
inaccurate extrapolation would be required. 
Considering the spectral coverage of the two 
instruments onboard Fermi, we chose to inte- 
grate between the Ei=l keV and E2=10 GeV 
source-frame energies. We start at 1 keV 
source-frame, which corresponds to a few keV 
observer-frame and is slightly outside of the 
GBM energy band, to make comparisons with 
some studies already in the literature. In 
addition, we compute the isotropic equiv- 
alent energy in a narrower band (1 keV- 
10 MeV), covering mainly the energy range 
of the GBM detectors. The latter choice al- 
lows us to directly compare our results with 



those of previous work s, nam ely lAmati et al 



(|2002[ ): iRacusin et al.l (|201lf ) who adopted 
a source- frame r ange b etween 10 keV and 
10 MeV, lAmatil (I2OO6I) : iButler et al.l ()2007l) 
who adopted a slightly broader source-frame 
range extend i ng fro m 1 keV to 10 MeV, and 



Cenko et al 



( 201ll ) who used an observer- 
frame range between 1 keV and 10 MeV. 

In Fig.Hlwe plot Ei^o in the 1 keV-10 MeV 
energy range versus the redshift in the prompt 
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Fig. 19. — Isotropic energy in the 1 keV- 
10 MeV energy range of LAT-detected GRBs 
(blue / r ed symbols) com pared with Swift 



GRBs (iButler et al.ll2007D fgrey sym bols') and 
GBM GRBs (jGoldstein et al.lHoli ) (green). 
(Blue/red) squares denote the LAT-detected 
GRBs (with a measured redshift). 



("GBM") time interval. The energy range 



match es that of previous wor ks (iButler et al 



( 2007 ) for Swift bursts and [Goldstein et al 



2012f) for GBM bursts), allowing direct com- 
parisons of Eiso- For a given redshift, LAT- 
detected GRBs arc generally brighter than 
the average burst in agree ment with the find- 



ings from other w orks (jCenko et al.l 12011 



Racusin et al.l 120111 ). We note that although 
GRBsll0731A and 090510 have a moderate 
1 keV-10 MeV Eiso, they have been detected 
by the LAT. For these two bursts, the obser- 
vational conditions were very favorable for de- 
tection, since they were nearly on-axis for the 
LAT at the times of the GBM triggers (13?6 
for GRB 090510 and 3?4 for GRB110731A 
off- axis angles). 

Before proceeding, wc would like to make 
an important point concerning the defini- 



tion of "bolometric" luminosity of the prompt 
phase for GRBs. Before Fermi, the proper- 
ties of prompt spectra of GRBs were known 
up to ~ MeV energies, and there was no way 
to account for the higher-energy portion of 
the spectrum (>10 MeV) in the total en- 
ergy budget. This is reasonable as long as 
the high-energy emission does not constitute 
a significant part of the total emitted en- 
ergy. Using LAT detections of GRBs, it has 
been discovered that extra power-law compo- 
nents are more common in GRBs compared 
to what was previously thought. More impor- 
tantly, even if the high-energy emission can 
last longer than the usual keV-to-MeV emis- 
sion, in some cases (GRBs 090510, 090902B, 
090926A) it contributes significantly during 
the prompt phase. These two considerations 
suggest that the total energy budget at high 
energies can be an important fraction of the 
total energy reservoir. 

In Fig. [20] (top panel) wc try to address 
this issue by plotting the amount of energy 
radiated by the source between 100 MeV and 
10 GeV during the temporal extended emis- 
sion compared to that radiated in the wider 
1 keV~10 GeV energy range in the "GBM" 
time interval. As can be seen, the fraction 
of energy radiated in the form of high-energy 
7 rays during the temporal extended phase 
is typical 10% of the total energy radi- 
ated during the prompt phase. The short 
GRB 090510 has an especially high fraction 
of -50%. 

For the few bursts for which we can sig- 
nificantly separate the contributions from the 
extra component (power law) and the main 
component (the "Band" model), wc can cal- 
culate the fraction of the energy during the 
prompt emission that is associated to each of 
these two spectral components. In the bot- 
tom panel of Fig. [50] we show the emitted 
energy corresponding to each component for 
the "GBM" time interval. As shown, the en- 
ergy radiated during the prompt emission by 
the power-law component is between 10% and 
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Fig. 20. — Top: Isotropic equivalent energy 
in the 100 MeV-10 GeV versus the 1 keV- 
10 GeV energy range. Bottom: Radiated en- 
ergy corresponding to the power-law spectral 
component versus that corresponding to the 
Band component. The symbol convention is 
the same as in Fig. |9l 



50% of the energy radiated by the Band com- 
ponent. The numerical results of this analysis 



can be found in Table [T51 

5.2.2. Highest Energy Photons 

Events with source-framc-correctcd en- 
ergy up to 50-100 GeV have been mea- 
sured in GRBs by the LAT, including from 
high-redshift GRBs (up to z=4 .35 from 
GRB080916C iGreiner etall l2009f ). In or- 
der to produce 7 rays of such high energies 
within the first few seconds of the burst, 
particle acceleration must be efficient in a 
GRB. Internal-opacity constraints also in- 
dicate that these high-energy-photon detec- 
tions require large bulk Lorentz factors for 
the jet. Moreover, high-energy 7 rays from 
high-redshift GRBs offer a valuable tool for 
measuring the opacity of the Universe due to 
interaction of >10 GeV 7 rays with optical 
and UV photo ns of the Extragala ctic Back- 
ground Light (|Abdo et all l2010al) . Finally, 
the short time delay observed in LAT GRBs 
between low and high energy events can be 
used to place tight constraints on any energy 
dependence of the speed of light in vacuum 
as po stulated by some q uantum gravity the- 
ories (lAbdo et al.ll2009bl) . 

Figure[2T]shows the source- frame-corrected 
energy of the highest-energy events with a 
high (>0.9) probability of being associated 
with the GRB, detected in the time- resolved 
likelihood analysis, versus Eiso- For long 
bursts, the most energetic photons appear 
in the brightest GRBs. Interestingly, our 
only short GRB with a measured redshift, 
GRB 090510, docs not follow the correla- 
tion pattern followed by LAT detected long 
bursts. More statistics are needed to deter- 
mine whether this pattern is significant. 

5.2.3. Extended Phase Energetics 

We have explored the energy budget of 
the highly energetic GRBs during the prompt 
phase. Now we focus on the temporally ex- 
tended phase. First, we compare the energy 
radiated above 100 MeV during the prompt 
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Fig. 21. — Rest-frame-corrected energy of the 
highest-energy event recorded during the time 
resolved analysis versus Eiso- Data points are 
from Table [H The symbol convention is the 
same as in Fig. [9l 
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Fig. 22.— Fluence in the 100 McV-10 GcV 
energy range measured in the "GBM" versus 
the "EXT" time intervals. The dashed lines 
correspond to ratios of 0.5, 1, and 2. The 
symbol convention is the same as in Fig. [HI 



and temporally extended phases. Since we 
are comparing energies in the same band, we 
increase the statistics of our sample by com- 
paring fluences, a quantity that docs not re- 
quire knowing the redshift. Figure [22] shows 
the 100 MeV-10 GcV fluence measured dur- 
ing the "GBM" time interval versus the flu- 
ence measured in the "EXT" time interval, 
and Fig. [23] shows the ratio of these quan- 
tities for all GRBs with a LAT detection in 
both time intervals. We note that most of 
the ratios are compatible with unity. This 
implies that above 100 MeV the energy re- 
leased during the prompt emission is similar 
to the energy released during the temporally 
extended emission. 

To study the relative efficiencies of the 
Band and extra power-law components dur- 
ing the prompt and temporally extended 
emission phases we calculate the ratio of the 
source-frame isotropic equivalent energy, as 
measured by the LAT above 100 MeV in 



the temporally extended phase (the "EXT" 
time window), to the same quantity mea- 
sured during the GBM time window. This 
is what we display in the y-axis of Fig. [24] 
We now know that high-energy emission can 
be produced during both the prompt and the 
temporally extended phases, and the y-axis 
shows the relative importance of these two 
phases. The GRBs in the plot occupy two re- 
gions: "7-ray-afterglow dominated" GRBs, 
with Ef^^'^ > Eg^^^ like (GRB 090510, 
091003 and 090328) and "prompt- 7-ray dom- 
inated" GRBs, for which Eg^'^ < Eg^^' . 

The "7-ray-afterglow dominated" GRBs in 
our sample (GRB 090510, 091003 and 090328) 
do not necessarily have a dominant power-law 
component in the prompt phase. This could 
imply that the energy radiated by the ex- 
tra component during the prompt phase can 
be dominated by the energy radiated by the 
main prompt component described by a Band 
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Fig. 23.— Ratio of the 100 MeV-10 GeV fiu- 
ence measured in the "EXT" over that mea- 
sured in the "GBM" time intervals plotted for 
each burst that has significant extended emis- 
sion in the LAT data. 



function. Note that the LAT sensitivity to 
ORB 090328 at the time of the GBM trig- 



ger was not optimal, and part of the emis- 
sion may not have been detected. This is 
certainly true for long bursts, such as GRBs 
091003 and 090328 while it is not true for 
GRB 090510, for which the power law com- 
ponent has been detected. The majority of 
LAT-detected bursts radiate more efficiently 
at high energies during the prompt GBM 
phase (GRBs below the horizontal line). We 
define such bursts as "prompt-7-ray domi- 
nated" GRBs. The five such bursts follow 
an expected trend: the more important the 
power-law component in the prompt emission 
phase, the brighter the late-time emission be- 
comes compared to the prompt high-energy 
7-ray emission. As already noted, each of the 
four hyper-fluent GRBs has evidence of an ex- 
tra component, as does GRB 110731A. 

5.3. High-Energy Spectral Properties 

In the previous section we discussed the 
energetics of Fermi-L AT GRBs, and we now 
consider their spectral properties. Since our 
primary interest is reporting observations re- 
lated to Fermi-LAT data, we focus on the 
spectral properties at high energies, with 
special emphasis on the role of the extra 
component. We start from the LAT-only 
analysis. Figure [25] shows the photon in- 
dices of all GRBs detected by the likelihood 
analysis as measured in three different time 
windows. Almost all photon index values 
are compatible with a value of —2 for all 
three time windows; using the estimated er- 
rors as weights, we obtain the average values 
< IGBM > = -2.08±0.04 in the "GBM" 
time window, < jlat > = — 2.05±0.03 in 
the "LAT" time window, and < jext > 
= -2.00±0.04, in the "EXT" time window. 
There is a selection effect such that any bursts 
with a photon index considerably softer than 
~— 2 are less detectable by the LAT. Inter- 
estingly, GRB 100724B, which has the steep- 
est photon index during the "GBM" has 
the second largest GBM-measured duration, 
while the GRB with the shortest duration. 
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GRB 090510, has one of the hardest photon 
indices. 



Photon Index 
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Fig. 24. — The 7-ray efficiency of the tempo- 
raUy extended emission phase versus the effi- 
ciency of the prompt Band component. The 
y-axis shows the ratio between the energy re- 
leased during the temporally extended emis- 
sion phase and the energy released during the 
prompt GEM phase, and the x-axis shows the 
ratio between the bolometric isotropic equiv- 
alent energy radiated by the Band compo- 
nent over the total radiated energy during the 
prompt emission. The symbol convention is 
the same as in Fig. |9l 
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Fig. 25. — Photon index F of the likelihood- 
detected bursts as measured in three time 
windows: "GBM" (red), "LAT" (blue), and 
"EXT" (green). 



To further explore whether the photon in- 
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dices depend on the duration, we plot in 
Fig. [26] the value of the photon index of the 
extra power-law as measured in the "GBM" 
time window Tobm (top panel) and in the 
"EXT" time window Text (bottom panel) 
versus the GBM Tgo. The photon index has 
a mild inverse correlation with the duration 
of the burst (top panel), in agreement with 
our results above and previous findings that 
the spectr a of short du ration GRBs tend to 
be harder (jPirarJ 120041 ). On the other hand, 
when the spectral analysis is performed dur- 
ing the "EXT" time window (bottom panel), 
during which the signal from the GRB is no 
longer detected by the GBM but is still bright 
in the LAT energy window, this mild correla- 
tion disappears. Note that some of the GRBs 
(like GRB 100724B) do not have detected ex- 
tended emission and are reported only in the 
top panel. 

To further investigate this, we show in 
Fig. [57] the power-law photon index Fext of 
the GRB emission in the LAT energy range 
as measured during the "EXT" time interval 
versus the value of the high-energy power-law 
index (3 of the Band function as measured 
in the prompt "GBM" time interval. The 
value Fext was obtained by our LAT-only 
likelihood analysis and the (3 value was ob- 
tained by our joint GBM-LAT spectral fits. 
We measured (3 using either a Band-only or 
a Band-plus-power-law spectral model. For 
the cases where the more complex Band- 
plus-power-law spectral model also provided 
a good fit (i.e., when all the parameters were 
constrained and the fit converged), we se- 
lected the /3 value found for the more com- 
plex model. For those cases, in addition to 
Fext we also plot the fitted values of the ex- 
tra power-law component photon index a ver- 
sus /3. TablelTllsummarizes the numerical val- 
ues of the parameters of the model that best 
fits the LAT-GBM data. An important selec- 
tion effect must be kept in mind: distinguish- 
ing an extra power-law spectral component is 
difficult when it is softer than the high-energy 
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Fig. 26. — Top: Power-law photon index mea- 
sured in the GBM time window and (Bottom) 
in the EXT time window. The symbol con- 
vention is the same as in Fig. [9] 



component of the Band function. As can be 
seen in the figure, the power-law component 
described by Fext is typically harder than 
the high-energy emission measured during the 
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prompt phase by GBM, described by j3. Fur- 
thermore, the two quantities do not seem 
to be correlated. The most extreme case, 
GRB 090902B, is shown in the inset of that 
figure, together with GRB 100414A for which 
we detect the temporally extended emission, 
while the /3 index of the Band function is 
only an upper limit. In fact for these bursts 
the best fit model found by our procedure 
were the Gomptonized plus power law and 
the Gomptonized alone, respectively. There- 
fore it is very reasonable that when we replace 
the Gomptonized model with a Band func- 
tion, the resulting j3 parameter is very steep, 
and not constrained toward lower values. 

In two cases, GRBs 090510 and 090926A, 
the extra power-law component that is signif- 
icantly detected during the prompt emission 
is harder than the power-law of the extended 
emission. For the first case, this is proba- 
bly caused by the hard-to-soft spectral evolu- 
tion of the extra component, as demonstrated 
by the results of the time-resolved likelihood 
analysis shown in Fig. [53l For the case of 
GRB 090926A the extra power-law compo- 
nent during the prompt emission is signifi- 
cantly attenuated at high energies and the 
model that best fits the emission during the 
"GBM" time window consists of a Band func- 
tion plus a Gomptonized model and has a very 
high peak energy. The (exponential) spec- 
tral cutoflFof GRB 090926A is not significantly 
detected at later times. Overall the tempo- 
ral evolution of the extra power-law compo- 
nent of this GRB can be described as very 
soft/weak at the start, progressively becom- 
ing harder but also demonstrating a roll-off 
at around 10 GeV, and then becoming softer 
again with an index of T ext ~ —2. 

In the other three cases for which we signif- 
icantly detect the extra power-law component 
during the prompt phase (GRBs 080916G, 
090902B, and 110731 A) (see gHH), the 
photon index of the extra-power law in the 
prompt "GBM" time interval 7 is compatible 
with the index of the power-law in the LAT 



energy range measured during the temporally 
extended emission Text- 
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Fig. 27. — Red/Blue symbols: photon index 
Text of the power-law spectrum as measured 
by the LAT during the "EXT" time interval 
versus the value of the /3 parameter of the 
Band function. Grey symbols: photon index 
a of the extra power-law component obtained 
by our joint GBM-LAT fits as measured in the 
"GBM" time window versus /3. The symbol 
convention is the same as in Fig. |9l 

The picture emerging from the analyses de- 
scribed in this subsection suggests that the 
high-energy (>GeV) emission is dominated 
by a single long-lasting component, well de- 
scribed by a power-law function of a photon 
index typically near —2, independent of burst 
properties such as the duration, the bright- 
ness, or the spectral properties of the lower- 
energy prompt emission. 

5.4. Extended Emission Temporal De- 
cay 

In Fig. [55] we report the "late-time decay 
index" as a function of the fluence mea- 
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sured by the LAT in the GBM interval (top 
panel) and of the luminosity in the "GBM" 
time interval (lower panel) . The values of aL 
seem to cluster around 1, which in the con- 
text of the fireball model indicates an adi- 
abatic expansion of the fireball (see H6.2I) . 
There are two exceptions: GRB080916C and 
GRB 11073f A. To investigate this a little fur- 
ther, we plot in Fig. [29] the value of q;l as 
a function of the intrinsic duration of the 
GRB at high energy. Both GRB 080916C and 
GRB 110731A have the shortest intrinsic LAT 
Tgo among long GRBs. This suggests that we 
have probably observed only the first steep 
part of the decay after the prompt phase and 
that we cannot exclude the existence of a flat- 
tening or a break at later times that would 
reconcile them with the other bursts. 

5.5. LAT Detection Rate 



Band et al. I (l2009l) have reported the num- 



ber of expected GRBs per year detectable by 
the LAT function of the number of ex- 
cess events. This rate was estimated with 
Monte Carlo simulations using the predicted 
pointing history for the first year of obser- 
vations. This calculation was performed us- 
ing a standard survey profile without any 
pointed-mode observations (due to a positive 
response to ARR or planned Target Of Op- 
portunity). The spectral model was a simple 
Band function, with parameters distributed 
accordii ig to the sainple of bright BATSE 
GRBs (jKaneko et all l2008bl ). The all-sky 
burst rate was assumed to be 50 GRB yr~^ 
full sky (above the peak fiux in 256 ms of 10 
ph cm~^ in the 50-300 kcV band or with 
an energy flux greater than 2x 10~^ erg cm~^) 
in the 20-2000 kcV band, deriv ed from the 



BATS E catalog of bright bursts. I Band et al 



( 20091 ) calculated the number of expected 7- 
rays using the bright BATSE GRB sample 
and also repeated the calculation with the 
hardest-spectrum (index /3 >-2) GRBs re- 
moved as the numbers of 7-rays at high ener- 
gies would have been unphysically large. 



In addition, iBand et al. ()2009l) used sim- 
plified detection criteria, based entirely on 
the numbers of detected photons assuming 
a negligible contribution from background, 
or using a semi-analytical model to compute 
the value of the Test Statistic. For the lat- 
ter, an isotropic background was assumed, 
but no additional sources were added to the 
simulation, including the bright Earth limb. 
The results of the se simulations, taken from 
Band et al.l (|2009[) . are shown in Fig. EOl We 
compare these results with the numbers of 
events above 100 MeV predicted by the best- 
fit model, including all bursts from Table IH 
In this comparison we use both the values 
obtained by integrating the spectrum in the 
GBM time window and in the LAT time win- 
dow. Several interesting features are evident 
from this plot. First of all, the number of 
detected GRBs is somewhat less than ex- 
pected. Additionally, the differences between 
the predicted and observed numbers of GRBs 
increase for bursts with many 7-rays in the 
LAT data. The absence of very bright bursts 
(with several hundreds of 7-rays detected 
above 100 MeV) could be due to the sys- 
tematic uncertainties that are propagated in 
the simulation when extrapolating the Band 
function fits to high energies over a very-large 
lever arm. Especially when the high-energy 
photon index is close to —2, a small change 
of the flux value could create large uncer- 
tainties on the number of detected events at 
high energies, when extrapolated. This has 
been specifically tested using bright GBM 
bursts that were not detected by the LAT, 
and the bias introduced by fitting GBM- 
only data for bursts has been estimated by 
adding LAT upper limits in the spectral flt 



(iThe Fermi Large Area Telescope Team et al 
20121 ). On the other hand, intrinsic deviations 
from a pure Band function, such as spectral 
cut offs, spectral breaks, or curvature in the 
spectra could influence the number of pre- 
dicted LAT detected GRBs. 
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Although many observed properties may 
be considered in classifying the detectability 
of GBM GRBs by the LAT, we limit the cur- 
rent analysis to the competing effects that the 
effective area decreases with increasing off- 
axis angle 9 while the solid angle increases 
with B. 



5.6. Detectability of GBM bursts 



burst (GRB 110328B), where the off-axis an- 
gle was relatively small (~32°) but the GRB 
was detected only using LLE analysis. This 
is explained by the results of the combined 
spectral analysis (summarized in TabldTTj) . 
which show that the best fit spectral model 
is a Comptonized model cutting-off approxi- 
mately at 1.2 MeV, implying suppression of 
high-energy emission. 



It follows that there arc more GRBs at 
large 9, although the LAT can detect only 
the brightest. Fig. [31] shows the fluence in 
the GBM energy band as a function of 9. 
Using the sample of GRBs through August 
2011 that is available at the HEASARC web 
site0- we display both the LAT and LLE de- 
tected GRBs. For LAT detections we use the 
fluence computed by our analysis, while for 
GBM-detected GRBs we use the value ob- 
tained from the GBM Burst catalog. Gen- 
erally speaking, the LAT-detected GRBs are 
among the brightest GBM GRBs occurring in 
the LAT FoV. On the other hand, there are 
some exceptions where GRBs with a modest 
energy fluence or with a suboptimal viewing 
angle have still been detected by the LAT. 
These cases highlight the importance of sec- 
ondary considerations other than 9 or the flu- 
ence. In terms of GBM fluence, short bursts 
are easier to detect. Also, we note that the 
location in the FoV of the GRB at the time 
of the GBM trigger is not always representa- 
tive of the quality of the exposure obtained 
during the burst. For example GRB 110625A 
was far off-axis at the time of the trigger 
(87°), but the high-energy emission was de- 
tected by the likelihood analysis a few hun- 
dred seconds after the GBM trigger when the 
GRB was weU inside the FoV of the LAT. LLE 
bursts (triangles) occur typically at larger in- 
cidence angles, indicating that the FoV of the 
LAT is larger for LLE data sample than when 
using standard event classification. There 
is also one case of a relatively bright GBM 



^'''The GBM Burst catalog: 

|http: //heas arc .gsfc ■ nasa.gov/W3Browse/ferml/fermlgbrst .html I 



53 



2 
1.8 
1.6 
1.4 
s' 1.2 
1 

0.8 
0.6 
0.4 
1 



^ 0305 



0"' 10"* 10'^ 10" 

Fluencep,BM (100 MeV-10 GeV) [erg cm"^] 



2 
1.8 
1.6 

1.4 

tf" 1.2 
1 

0.8 
0.6 
0.4 



+ 090510 



10-^ 



10-^ 



(1 keV-10GeV) [10^^erg/s] 



Fig. 28. — Value of the "late-time decay in- 
dex" as a function of the fluence between 
100 MeV and 10 GeV in the "GBM" time 
interval (Top) and of the isotropic luminosity 
between 1 kcV-10 GeV, source frame. The 
value of ul is ~1, except for GRB080916C 
and GRB110731A, which notably have the 
shortest durations when measured in the 
source frame (see text). The symbol conven- 
tion is the same as in Fig. HI 
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Fig. 29. — Value of the "late-time decay in- 
dex" aL as a function of the LAT Tgg in the 
source reference frame. The symbol conven- 
tion is the same as in Fig. [9l 
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Number Of Photons Detected >i 00 MeV 



Fig. 30. — Comparison between the observed 
yearly rate of LAT GRB detections to the pre- 
laun ch expectations. Black lines are taken 
from lBand et al. ( 20091 ) for an energy thresh- 
old of 100 Me V. using the br i ght BA TSE GRB 
sample from iKaneko et al.l (l2008bl ) as input. 
The dashed black line corresponds to an in- 
put distribution from which hard bursts with 
/3 > — 2 have been removed. The red lines 
indicate the observed number of GRBs as a 
function of the number of events predicted 
by the best-fit model. The hatched regions 
correspond to the statistical uncertainties as- 
suming Poisson statistics. 
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Fig. 31.— Sensitivity plot for GBM GRBs 
showing the fluence in the 10 keV-1 McV en- 
ergy band as a function of the LAT off-axis 
position {9). Filled symbols indicate long 
duration bursts while empty symbols denote 
short bursts. Gray circles denote GBM bursts 
that were not detected by the LAT, stars 
denote LAT bursts detected using the stan- 
dard likelihood analysis, and triangles denote 
bursts detected by the LLE analysis only. For 
clarity, long duration LAT-detcctcd GRBs arc 
plotted in blue, while short duration LAT- 
detected GRBs are plotted in red. 



55 



6. Interpretation 

In this study, we have characterized the 
high-energy emission observed from 35 GRBs 
detected by the LAT. While the number of 
LAT GRBs is a smaU fraction of the number 



detected by the GBM (jPaciesas et all 12012 : 
Goldstein et aLll2012i ). there are a few emis- 
sion features that show up only at high ener- 
gies and distinguish the LAT GRBs: 

• high fluence and energy release, 

• temporally extended emission lasting 
longer than the GBM-detected emis- 
sion, 

• delayed onset with respect to the GBM- 
detected emission, and 

• presence of an extra power-law compo- 
nent in the spectrum. 

Here we discuss plausible interpretations of 
the emission properties observed with the 
LAT, salient features of these models, and 
possible issues. 

6.1. Fluence and Energetics of LAT 
Bursts 

The distribution of fluences of LAT GRBs 
(see Fig. [17]) provides hints of two classes: 



four members, GRBs 080916C ( 


Abdo et al. 


2009c 


1. 090510 (lAbdo et al.ll2009b 


: Ackermann et al. 


2010b 


: Giuhani et al. 2010a). 090902B (lAbdo et al.l 


2009a 


). and090926A (Ackermann et al.l 2011a). 



and which have a typical 100 MeV-10 GeV 
fluence of ~(3-8)xl0~^ ergcm"^; and a 
larger class with a lower typical fluence of 
~(2-10)xl0-^ ergcm-2. The GBM fluences 
for the hyper-fluent class are also higher, 
'^l.B times the LAT fluence for the short 
burst GRB 090510 and ~3-10 times the LAT 
fluences for the 3 long bursts (see Fig. [T71 
bottom panel) . For comparison, we note that 
the typical fluence for the GBM long bursts 
is ~ 2 X 10^6 ergcm-2 in the 8 keV-1 MeV 



range and ^ 10^^ ergcm^^ in the 8 keV- 
40 MeV rang e, based on Band func tion fits to 
the spectra (jGoldstein et al.1120121 ). It is evi- 
dent that most of the LAT bursts do seem to 
be very bright in the GBM, especially when 
comparing their 10 keV-1 MeV fluences (see 
Figs, im and [HI) to the 8 ke V-1 MeV fluence 



of th e typical GBM bursts ([Goldstein et al 



2012[) . 

In the cases of 9 LAT bursts for which the 
redshift information is available, the isotropic 
equivalent energy i?iso in the LAT energy 
range (100 MeV-10 GeV) is also higher for the 
three hyper-fluent long bursts (see Figs. [TO] 
and [20] top panel). The ratio of the E^iso 
(100 MeV-10 GeV) to the total 7-ray en- 
ergy Eiso (1 keV-10 GeV) for the long bursts 
is ^(5-25)%. Interestingly in the case of 
GRB 090510, the only short LAT burst with 
known redshift, this ratio is ^ 70% and is 
clearly distinct from the long bursts. The 
bottom panel of Figure [SD] shows that for the 
bright bursts, including GRB 090510 with its 
additional PL spectral component, the ratio 
of isotropic equivalent energies in the PL and 
Band components is concentrated at ^ 25%. 
Thus the high (~ 70%) LAT-to-GBM £^1,0 ra- 
tio for GRB 090510 is a combination of high 
Band i^p^, typical for short hard class, and 
a very hard (—1.61) PL photon index which 
must cut off at high energies. The bursts with 
< 10% LAT-to-GBM Ei^o do not allow for the 
detection of an additional PL spectral compo- 
nent, though it could still be present. The ad- 
ditional PL spectral component is most likely 
responsible for the high fluence detected by 
the LAT, as also indicated in Fig. [M] for flve 
of the eight brightest bursts. 

The isotropic-equivalent energies of the 
LAT bursts calculated here are lar gely consis- 
tent w ith the energies calculated bv lCenko et al, 
(|201l] ) and show that LAT bursts possibly 
compose the most energetic sub-sample of 
GRBs (see Fig. [19]). The range of E-.^o for 
short bursts in t he pve-Fermi era was ( 0.0033- 
10.2) X 10^2 erg (|Ghirlanda et al.ll2009l) . GRB 
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090510 is clearly at the high end of that range 
with Eiso — 7 X 10^^ erg. Although the sam- 
ple is rather small, the detected redshifts of 
LAT bursts do not show a concentration of 
bursts at any particu lar range (see Fig. [T9| . 



Racusin et al.l (|201l[ ) showed that the red- 
shift distributions are statistically consistent 
for Swift-BAT detected GRBs, those detected 
by both GBM and BAT, and the small sam- 
ple of LAT-detected bursts with measured 
redshifts. The only redshifts available for the 
GBM sample are for those bursts that also 
triggered BAT or LAT. Therefore, whether 
LAT-detected GRBs follow the redshift dis- 
tribution of the rest of GBM-detected bursts 
is still an open question. 

Another interesting feature of the LAT 
emission is that the 100 MeV-10 GeV flu- 
ences in the "GBM" and "EXT" time inter- 
vals are within a factor '-^ 2 of each other for a 
handful of bursts with high-significance detec- 
tions (see Fig. [21]). This may indicate an ap- 
proximately equal efficiency of the GRB fire- 
ball to produce high-energy emission during 
the coasting (prompt) and deceleration (af- 
terglow) phases, in the context of the early- 
afterglow model as the origin of LAT emis- 
sion. 

6.2. Temporally Extended Emissions 

The fiux of LAT-detected emission at late 
times decays rather smoothly and can gener- 
ally be fitted with a power law oc 
(see § K3A\ and Figs. [H and [Ml). Such be- 
havior also is typically observed in X-ray, UV, 
and optical wavelengths after the prompt 7- 
ray emission and is attributed to the after- 
glow emission. The apparent non-variation 
of the photon index for individual bursts (see 
Fig. [211) in the "EXT" time interval as com- 
pared to the "LAT" time interval also sug- 
gests that the temporally extended LAT emis- 
sion resembles afterglow rather than prompt 
emission, for which the photon index is likely 
to vary with time. The burst- averaged values 



for the photon index in these two intervals: 
Text = -2.00±0.04 and Flat = -2.05±0.03 
are also very similar. The slightly larger 
values for the burst-averaged photon index 
Fgbm = -2.08 ± 0.04 in the earlier "GBM" 
time interval could be due to a plausible con- 
tamination by the prompt emission in the 
LAT. Indeed, the high-energy photon index 
of the Band function, /Ssand, is systematically 
softer than Text in the joint fit to the GBM 
and LAT data (Fig. ^7]i, suggesting that the 
hard spectral component becomes dominant 
at late times. 

Remarkably, the "late-time decay index" 
is always close to q;l = 1 (see Fig. [14] and 
Fig. [25]), except in two cases, GRBs 080916C 
and 110731 A, which could be affected by an 
observational bias (see ^5.4p . The clustering 
around = 1 suggests a common emission 
mechanism, even though our limited sam- 
ple docs not allow firm conclusions. In the 
context of afterglow emission, the bolomct- 
ric fiux decays as oc t~°', with a = 1 and 
a = 10/7 for an adiabatic fireball and a 
radiative fir eball in a constant densi t y en- 
vironment (ISaril Il997t iKatz fc Piranl Il997 : 
iGhisellini et al.ll2010[) . respectively. The fiux 
decay in a particular energy band is more 
complicated, and depends on the fast- or 
slow-cooling spectral models ( Sari et al1ll998[ ) 
as well as on the surrounding environment 
(i.e., whether it is uniform density interstel- 
lar medium (ISM) or with wind-type den- 
sity p rofile (ISari et al. 1998t Chevalier fc Li 
2OOOI : IPanaitescu fc Kumaill2000[ )). In p~ 



ticular, the relation between the flux-decay 
slope a and spectral index /? for the fiux den- 
sity Fiy{t) OC t^°'v~^ varies between differ- 
ent parts of the spectrum. LAT-detected 
> 100 MeV emission is likely to be from 
the fast-cooling part of the spectrum for 
which a = (12/3 — 2)/7 for a radiative fire- 
ball and a — (3/3 — l)/2 for an adiabatic 
fireball , both for the ISM and wind environ - 
ments (|Sari et al.llligi iGranot fc Sarill2002] ). 
In the LAT data, /3 = -Fext - 1 = 1.00 ± 
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0.04, and aadiabatic 1 and aradiativo = 10/7, 
both of which are equal to their respective 
bolometric flux-decay indices. Thus, a sim- 
ple interpretation of aL ~ 1 flux-decay in- 
dex for most LAT bursts indicates that the 
>100 MeV emissio n is more likely from an 



adiabatic fireball (IKumar fc Barniol Duran 
2009HDe Pasquale et al.l2O10HRazzaauel2OlOl) 



rather than from a radiative fireball, as lGhisellini et al 
( 2010f l had suggested. 



For three bright bursts (GRBs 090510, 
090902B and 090926A), a broken power law 
fits the LAT data better than a single power 
law (see § I4.3.4|) . After the time of peak 
flux, the initial flux decay is much steeper 
than the later decay. The initial steep-decay 
phase is likely due to a transition from the 
prompt to afterglow emission. An additional 
short-lived emission component, such as the 
high-latitude em ission from the fireball which 
decays quickly ( Kumar fc Panaitescu 2000l ) 



and dominates the underlying afterglow emis- 
sion, may in principle explain the initial steep 
decay. 
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6.3. Delayed Onset of LAT-detected Emission 



For most bursts, the onset of the LAT-dctected emission, as measured by LAT T05 (100 MeV- 
10 GeV), is delayed with respeet to the onset of the GBM-detected emission, measured by GBM 
To5 (50 keV-300 keV) (see Fig. [9]). Delays of up to 40 s have been detected in long bursts, with 
a few seconds being the typical value. The delay is ^ 0.5 s for GRB 090510 and > 0.05 s for 
GRB 081024B, both of which are short bursts. The origin of the delayed onset of the LAT emission 
is poorly understood. 

One interpretation of the delayed L AT onset is based on the early afterglow model for 



the temporally-extended LAT emissio n ( Kumar fc Barniol Duran 2009t Ghisellini et al. 2010l : 



De P asguale et al. 2010t Razzaau^l2010t ). The bolometric flux from a coasting fireball increases as 
(Sari 1991 7 both for an adiabatic and a radiative fireball, befor e it decelerates and enters a 
self-similar phase ( Blandford fc McKed 1976t Rees fc Meszaroa 1994 ). The time required for the 
flux to increase and be detected by the LAT corresponds to the delayed onset of the LAT emission 
in this scenario. It also implies that the peak-flux time of the LAT is of the order of the fireball 
deceleration time. The corres ponding jet bulk Lorentz factor can be estimated for an ISM of 
constant density n =lcm-^ as (jBlandford fc McKedfigTel: ISari et al.lll998l: iGhisellini et al.ll2010[) . 



-1 1/8 



(7) 



3£:fe,iso(l + z)^ ' Ja~^/^;a = 4 (adiabatic) 
327rnTOpC^tpj,j^i^ la~^/^^; a~7 (radiative) 

where Ek^iso is the isotropic-equivalent jet kinetic energy immediately before deceleration. 

In the case of a wind environment, with the wind parameter A = 3.0 2 x 10'^^ cm~^ for a 
1O~^M0 yr~^ mass-loss rate in the wind of velo city 10'^ kms~^ and A^, ^ 1 Chevalier &: Lil ( 200' 



the jet bulk Lorentz factor can be estimated as ([Chevalier fc Li I2OOOI: iPanaitescu fc Kumaii 



200i 



Tn = 



Ek,iso{l + z) 

IdirAmpC^tdcc 



1/4 



(8) 



where tpcak ~ ^dcc for the adiabatic and radiative fireballs. 

Figure [5^ illustrates the range of the bulk Lorentz factors calculated using Eqs.[7]and[5]for the 
nine LAT bursts with known redshifts. The range depends on the uncertainty of the measurement 
of the peak flux time in the LAT (see Fig. [Ti|. We assumed n = 1 cm~'^, A^, = 0.1 and Ek^iso is four 
times larger than the isotropic-equivalent 7-ray energy Ey^iso in the Band or Comptonized (in the 
case of GRB 100414A) component. The dependence of Fg on the ISM density (oc n~^/®) is rather 
mild. Thus, the dominant uncertainty of Fg in the ISM environment comes from the peak-flux time. 
Note that Fq needs to be large in order to explain the delayed onset and peak of the LAT emission 
as results of early afterglow. These estimates of Fq are simil ar to Fmin values calculated from 77 



pair p r oduction opacities for the four brightest LA T bursts ()Abdo et al.l l2009d : lAckermann et al 



2010bt lAbdo et al.ll2009at lAckermann et al.ll2011al) . For GRB 110731 A, detailed multiwavelength 
modeling suggests a wind environment. In the case of a wind environment. Fq is usually smaller 
with milder t^^J"^ dependence. 



The te mporal variability of >1 00 MeV emission in GRBs 090902B ()Abdo et al.l l2009a^ and 



090926A (jAckermann et al.l l2011a|) argues against a simple forward shock interpretation in the 
prompt phase, since such variability is characteristic of internal shocks. However, an energy- 
dependent transition between the prompt and afterglow contributions in the LAT flux is possible. 
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Ill the context of the internal shock scenario, the delayed onset of the LAT-detected emission 



could arise from late internal shocks produced via inverse Co mpton (IC) with 
the microphysical parameters from the early internal shocks ( Wang et al.ll200i 



lausible evolution of 
Bosniak et "al]l2009l : 



Toma et al.ll201ll ). Hadronic emission such as proton/ion synchrotron radiation and/or photopion 
induced cascade radiation could also account for this delay t hrough the time required for pro 



ton/ion acceleration an d cooling as well as to form cascades ( Asano et al. 2009t iRazzaaue et al 
20ld: IWang et alJbood) . However, a challenge for the internal shocks scenario is explaining the 
temporally extended LAT-detected emission often lasting ~ 10^-10"^ s (see Fig. [TU)) without associ- 
ated detectable keV-MeV emission. 
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Fig. 32. — Bulk Lorentz factors of the LAT bursts derived on the assumption that the peak flux 
time in the LAT (Fig. [T4)) represents the fireball-deceleration time through Eqs. (O and (|8]). We 
also assumed a constant ISM density of n = 1 cm"'^, a wind parameter with = 0.1 and a kinetic 



energy four times the 7-ray energy, Ek.iso - 
each case represents the Icr error on tpcak- 



4 X E'^jso, for this illustrative plot. The range of Fq in 
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6.4. Spectral Models of LAT-detected 
Emissions 

A power-law spectral component that 
dominates LAT-detected emission has been 
detected in the brightest LAT bursts: GRBs 
080916C, 090510, 090902B, 090926A, and 
110731 A. This component is in addition to 
the Band function or the Comptonized model 
that typically describes the keV-MeV emis- 
sion. The top panel of Fig. [221 shows that 
this power-law component is hard in the 
prompt phase (Fgbm ^ —2), allowing for 
a high-significance detection. In other bursts 
it can be softer, and consequently not eas- 
ily detectable. In the "EXT" time window, 
however, the power-law component is hard 
(Fig. [26l bottom panel) without any contam- 
ination from the keV-MeV photons. Whether 
or not the same hard power-law component 
in the prompt phase evolves into the power 
law in the "EXT" time window is a central 
issue in GRB science. 

Early afterglow models for th e temporally 



phase 



( Asano et al.l l2009t 
20061) . 



2010t IWang et al 



Razzague et al 
However, these 
models require a much larger total energy 
budget than the leptonic models, especially 
if the jet bulk Lorentz factor is high, which 
seems to be the case for LAT bursts. 

Finally, significant cutoffs in the addi- 
tional power-law component have been de- 
tected in the time-integrated prompt spectra 
of GRBs 090926A and 110731A. Electron- 
positron pair production by high-energy pho- 



gin of these multi-GeV cutoffs (Krolik & Pier 


1991 


; Fenimore et al.lll993: Baring & Harding 


1997 


; Lithwick & Sari 2001). Detection of 



such cutoffs in some future LAT bursts will 
be helpful in determining the bulk Lorentz 
factors of the jets, as well as in answering 
whether 77 opacity plays a role in the ob- 
served low detection rate of LAT bursts. 

6.5. Summary and conclusion 

We have compiled a catalog of all GRBs 



exten ded LAT-detected emission (iKumar fc Barniol Eaigsja icantly detected by the Fermi-LAT. For 



2009':'Ghiscllini e t al.|[2oTol:lDe Pasauale et al.l 
2010; ^zzaquc 2010) imply that a power-law 
component from the forward shock that prop- 
agates int o the external medium surrounding 



the GRB ( Meszaros fc Reeslll997t ISari et al 



1998() arises early in the prompt phase when 
the fireball is still coasting. A high jet bulk 
Lorentz factor seems to be required in this 
scenario as mentioned earlier. IC scatter- 
ing of soft target photons, either synchrotron 
or photospheric, by rclativistic electrons can 
also p roduce an additional power-law compo- 
nent (IWang et all I2OO6I: iBosniak et al."2009t 



Ackermann et al.l l2010bl: iToma et a l. 2011) 



The IC component contributes most signifi- 
cantly in the ^ 1 GeV range. Hadronic emis- 
sion models, either proton/ion synchrotron 
radiation or photopion-induced cascade ra- 
diation, can produce an additional spec- 
tral component as well, able to dominate 
the LAT-detccted emission in the prompt 



each of these bursts we have examined the 
spectral and temporal behavior of their high- 
energy emission. In this ensemble of bursts 
we have searched for common patterns in 
flux behavior in order to obtain an unbiased 
view of high-energy emission from GRBs. We 
have also compared the LAT-detected emis- 
sion with the lower-energy emission detected 
by the GBM from a much greater number of 
bursts, and sought theoretical interpretations 
of the LAT observations. 

In general LAT bursts are also among the 
brightest bursts seen by GBM. They are also 
the most energetic when redshift measure- 
ments allow determination of the total lu- 
minosity. Although based on only 4 bursts, 
there seems to be an emergent class of hyper- 
fluent LAT GRBs. 

A common characteristic of the LAT- 
detected emission is that it is delayed with 
respect to the GBM emission. This delay is 
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longer for fong bursts, with some indications 
that the onset time increases with the energy. 
LAT bursts also generally have longer dura- 
tions in the LAT energy range than in the 
GBM energy range for the same bursts. 

LAT GRBs exhibit a temporally extended 
phase during which the LAT flux decays fol- 
lowing a single or broken power law. The pho- 
ton index in this phase is also distributed in a 
relatively narrow range. The index of power- 
law flux decay (later index in case of broken 
power-law fits) is typically close to oc t^^ 
with only a few exceptions. 

The temporally extended LAT-detected 
emission is consistent with that expected 
from afterglow (forward shock) emission from 
a relativistic blast wave. An adiabatic fire- 
ball model is favored over a radiative fireball 
model by the measured oc LAT flux-decay 
behavior in the majority of bursts. 

The spectra of LAT GRBs are typically 
well described by a power-law with a fairly 
narrow distribution of indices, centered at 
—2.0 although deviations (spectral cutoffs) 
from a pure power law have been detected 
in GRBs 090926A and 110731 A in the GeV 
range. Joint GBM-LAT spectral fits require 
an additional power-law component in all 
bright LAT bursts, indicating that the Band 
function alone is inadequate to fit the spectra 
of these bursts. 

Several models exist in the literature for 
the delayed onset of LAT-detected emission 
and the additional power-law component. 
The early afterglow model for temporally ex- 
tended LAT-detected emission can explain 
both the delayed onset and the additional 
component, but other models involving inter- 
nal shocks cannot be ruled out. The detection 
of additional bright LAT bursts will help to 
characterize and explain cutoffs in the power- 
law spectra, determine the bulk Lorentz fac- 
tors, and constrain GRB energetics. 
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7. Tables 

In the following section, we present the re- 
sults of our catalog in tabular form. Addition- 
ally, we provide all the numbers shown here 
in an electronic FIT file format. 

Table [T] summarizes the intervals in which 
we performed the time-integrated spectral 
analysis described in ij3.5l on page UHl 

Table [D contains the list of LAT-detected 
GRBs, including the trigger time and posi- 
tion information used as input to our analy- 
sis pipeline. Each GRB was detected using 
the standard likelihood analysis (denoted by 
"Like=l" in the table) and/or the LAT Low 
Energy analysis (denoted using "LLE=1"). 
We also list the redshift (errors are omitted) 
and the reference number of the LAT GCN 
circular, if one was issued. Since the LAT lo- 
calizations are obtained iteratively, we report 
only the final localization. 

Table |3] shows a comparison between the 
various duration estimates obtained using the 
standard LAT data and the LLE analysis. We 
also report the duration of th e bursts as re- 



porte d in the GBM catalog (jPaciesas et al 



20121) indicating whether the burst is classi- 
fied as short (S) or long (L). The final two 
columns report the maximum significance of 
the source in the likelihood analysis (Max TS) 
and the post-trials detection significance ob- 
tained by the LLE analysis. 

Likelihood analysis results are summarized 
in Table |4l where we report for each inter- 
val and for each GRB, the number of events 
actually detected inside the ROI, the pre- 
dicted number of events from the source, the 
detection significance, and the values of the 
measured photon fiux, energy fluence, and 
isotropic equivalent energy (if a redshift is 
available). For the cases where the signifi- 
cance is below our detection threshold, we re- 
port upper limits. Three bursts detected by 
the LLE analysis are included in this table. 



^' ^http : //f its ■ gsf c ■ nasa ■ govT] 



the other 4 bursts (GRBs 090531B, 101014A, 
101123A and 110529A) had too few events 
to even compute an upper limit during the 
"GBM" time interval. 

Table [S] shows our best reconstructed di- 
rection with associated errors. 

The highest-energy events associated with 
each GRB are summarized in Tables [51 El and 
[51 In these tables we used different time- 
window to perform the analysis, and we in- 
dicate the number of events associated with 
the GRB, the energy, and the arrival time of 
the highest-energy event. We also report the 
probability of the event being associated with 
the GRB computed as described in ij3.2.3l 

The temporally extended high-energy emis- 
sion is systematically studied in this paper, 
and the relative quantities are summarized 
in Table [HI We report the results obtained 
by fitting the photon flux light curves with 
simple power laws starting from the position 
of the peak flux and from the position of 
the GBM T95. When the statistics allow, 
we also perform a broken power-law fit. A 
font in bold letters indicates the parameters 
that best reproduce the late time decay of the 
7-ray flux. 

Next we summarize the results of our joint 
spectral-fit analyses. In Table [TUl we report 
the spectral model that best fits the data 
during the "GBM" time interval. Then we 
present the whole range of results from the 
joint-fit spectral analyses as obtained in the 
"GBM" time interval (Table E]) and in the 
interval extending from the first detection of 
a GRB photon by the LAT up to the GBM 
T95 (Table [H]). Only bursts detected by the 
LAT {TS > 20, see §[33]) in the "GBM" time 
interval are included in Table [T^l In these 
two tables, we display the parameters of the 
main component and the parameters of any 
additional components required to describe 
the spectrum. For the cases that more than 
one component is needed, we compute the en- 
ergy fluence for each spectral component scp- 



64 



arately. In TabljT51 we report the isotropic 
equivalent energy in aggregate and also per 
spectral component for the best-fit spectral 
model. 

Finally, we address the systematic uncer- 
tainties of our results by using a different set 
of data-selection cuts and we compare our 
standard results obtained with the Pass 6 
event selection to the results obtained with 
the new Pass 7 data selection. This is sum- 
marized in Table [TJ] and described in Ap- 
pendix 1^ 
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Table 1 

Definitions of intervals used in time-integrated spectral analysis 



Name 




Definition 


Description 


GBM 


GBM 


To5 


- GBM T95 


Bulk of the GBM-detected emission 


LAT 


LAT 


To5 


- LAT T95 


Bulk of the LAT-deteeted emission 


PRE 


GBM 


To5 


- LAT To5 


Interval between GBM and LAT emission onsets 


JOINT 


LAT 


To5 


- GBM T95 


Interval when both the GBM and LAT significantly detect emission 


EXT 


GBM 


T95 


- LAT T95 


Interval between end of GBM-detected and LAT-detected emission 


LATTE 








Interval between the start of the first and the end of the last 










bins with TS > 16, as found by the time-resolved likelihood analysis 



Table 2 

Sample of Fermi-LAT GRBs, from August 2008 to August 2011. 



GRB NAME DATE GBM Trigger Time R.A- Dec. Loe. Err.'' Lilte. LLE Rcdsliift LAT GCN Number 















(MET"^) 


Deg., .12000 


Dog., .T2000 


Do, 
















080825C 


2008- 


-08- 


-25 


14:13:48. 


1 


241366429.105 


233.9 


-4.5 


60. 


3 


0.75° 


T 


1 







8183 


080916C 


2008- 


-09- 


-16 


00:12:45. 


6 


243216766.614 


119.85 


-56.64 


48. 


8 


0.36' 




1 


1 


4.35 


8246 


081006 


2008- 


-10- 


-06 


14:29:34. 


1 


244996175.173 


136.32 


-62.05 


11. 





0.52° 


T 


1 









081024B 


2008- 


-10- 


-24 


21:22:40. 


8 


246576161.864 


322.95 


21.2 


18. 


7 


0.22° 


T 


1 


1 




8407 


090217 


2009- 


-02- 


-17 


04:56:42. 


5 


256539404.560 


204.83 


-8.42 


34. 


5 


0.35° 


T 


1 


1 




8903 


090227B 


2009- 


-02- 


-27 


18:31:01. 


4 


257452263.410 


10.48 


29.24 


71. 





1.00° 


A 


1 


1 






090323 


2009- 


-03- 


23 


00:02:42. 


6 


259459364.630 


190.71 


17.053 


57. 


2 


0.36" 




1 


1 


3.57 


9021 


090328 


2009- 


-03- 


-28 


09:36:46. 


5 


259925808.510 


90.67 


-41.715 


64. 


6 


0.72" 




1 


1 


0.74 


9044,9077 


090510 


2009- 


-05- 


-10 


00:22:59. 


9 


263607781.971 


333.55 


-26.583 


13. 


6 


1.44" 


* 


1 


1 


0.90 


9334,9350 


090531B 


2009- 


-05- 


-31 


18:35:56. 


4 


265487758.490 


252.07 


-36.015 


21. 


9 


2.10' 


* 





1 






090626 


2009- 


-06- 


-26 


04:32:08. 


8 


267683530.880 


170.03 


-33.49 


IS. 


3 


0.22° 


T 


1 







9584 


090720B 


2009- 


-07- 


-20 


17:02:56. 


9 


269802178.905 


202.99 


-54.21 


56. 


1 


0.33° 


T 


1 









090902B 


2009- 


-09- 


-02 


11:05:08. 


3 


273582310.313 


264.94 


27.324 


50. 


8 


3.60" 


* 


1 


1 


1.82 


9867,9872 


090926A 


2009- 


-09- 


-26 


04:20:26. 


9 


275631628.990 


353.4 


-66.32 


48. 


1 


0.60' 




1 


1 


2.11 


9934,9972 


091003 


2009- 


-10- 


-03 


04:35:45. 




276237347.585 


251.52 


36.625 


12. 


3 


1.80" 




1 





0.90 


9985 


091031 


2009- 


-10- 


31 


12:00:28. 


8 


278683230.850 


71.49 


-57.65 


23. 


9 


0.23° 




1 


1 




10163 


091208B 


2009- 


-12- 


-08 


09:49:57. 


9 


281958599.956 


29.392 


16.89 


55. 


6 


1.80" 




1 





1.06 




100116A 


2010- 


-01- 


-16 


21:31:00. 


2 


285370262.240 


305.01 


14.43 


26. 


6 


0.17° 


7 


1 


1 




10333 


100225A 


2010- 


-02- 


-25 


02:45:31. 


1 


288758733.147 


310.3 


-59.4 


55. 


5 


3.13° 


t 





1 




10450 


100325A 


2010- 


-03- 


-25 


06:36:08. 





291191770.020 


330.24 


-26.45 


7. 


1 


0.60° 




1 







10548 


100414A 


2010- 


-04- 


-14 


02:20:21. 


9 


292904423.990 


192.11 


8.693 


69. 





1.80" 


* 


1 





1.37 


10594 


100620A 


2010- 


-06- 


-20 


02:51:29. 


1 


298695091.100 


86.9 


-50.91 


24. 


3 


0.71° 


T 


1 









100724B 


2010- 


-07- 


24 


00:42:05. 


9 


301624927.980 


119.89 


76.55 


48. 


9 


0.88° 


T 


1 


1 




10978 


100728A 


2010- 


-07- 


-28 


02:17:30. 


6 


301976252.610 


88.758 


-15.255 


59. 


9 


0.36' 


I * 


1 









100826A 


2010- 


-08- 


-26 


22:58:22. 


8 


304556304.898 


279.593 


-22.128 


73. 


3 


1.20° 


A 





1 




11155 


101014A 


2010- 


-10- 


-14 


04:11:52. 


6 


308722314.620 


27.206 


-50.819 


54. 





1.0° 


t 





1 




11349 


101123A 


2010- 


11- 


-23 


22:51:34. 


9 


312245496.973 


135.16 


1.91 


78. 


2 


3.16° 


t 





1 






110120A 


2011- 


-01- 


-20 


15:59:39. 


2 


317231981.230 


61.5 


-12.0 


13. 


6 


0.36° 




1 







11597 


110328B 


2011- 


-03- 


-28 


12:29:19. 


1 


323008161.194 


121.06 


45.84 


31. 


7 


3.23° 


t 





1 




11835 


110428A 


2011- 


-04- 


-28 


09:18:30. 


4 


325675112.410 


5.59 


64.849 


34. 


6 


0.04" 




1 







11982 


110529A 


2011- 


-05- 


-29 


00:48:42. 


8 


328322924.872 


118.33 


67.91 


30. 





3.35° 


t 





1 




12044 


110625A 


2011- 


-06- 


-25 


21:08:18. 


2 


330728900.236 


286.73 


6.755 


87. 


9 


0.36" 




1 







12097,12100 


110709A 


2011- 


-07- 


-09 


15:24:27. 


4 


331917869.400 


238.895 


40.918 


53. 


4 


1.08" 




1 









110721A 


2011- 


-07- 


-21 


04:47:43. 


7 


332916465.760 


333.2 


-38.5 


40. 


7 


0.20° 


A 


1 


1 




12188 


110731A 


2011- 


-07- 


-31 


11:09:29. 


9 


333803371.954 


280.504 


-28.537 


3. 


4 


0.36" 




1 


1 


2.83 


12218 


'^Mission 


Elapsed Tii 






sends sin 


ee 2001- 


-1-1 00:00:00 UTC. 























^Uncertainties on the localizations from from: ~^ Fermi-'L AT , t Fermi-GBM. * Swift-XR.T/S wift-U VOT , ^ IPN. 
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Table 3 

Comparisons between duration estimators 



GRB NAME 


CLASS^ 


GBM To5 


GBM T95 


LAT To5 


LAT T95 


LLE T05 


LLE T95 


Max TS LLE 


Significance 
Post Trials 


080825C 


L 


1 


.22 


23.4 ± 0. 


,2 


3.3+g-2 








57 


3.4 


080916C 


L 


1 


.28 


65.5 ± 0. 


.8 


-0.3 


^^^-50 


4 l + "-2 
■ —0.1 


RO + 3" 
''"-20 


1450 


26.1 


081006 


L 


-0. 


,26 


5.9 ± 0. 


.9 


>0.7 


>100 


i+"-i 

"■'-0.3 


2 1 +"-2 
^^■'-0.3 


72 


1.1 


081024B 


S 


-0. 


,06 


0.5 ± 0. 


.3 


>0.05 


>200 


111 


4.5 


090217 


L 





.83 


34.9 ± 0. 


.7 




70 + 110 

"^-40 


+ 2 
"-S 


14 + '''3 
-'^■"-0.8 


105 


10.9 


090227B 


S 


— 0. 


,06 


1 ± 


1 


- 


- 


-0.01 ± 0.01 


■"-0.8 


30 


20.5 


090323 


L 


8 


.19 


152 ± 


1 


16±f 


290t^g 


6.9 + 1-" 


185113 


136 


14.4 


090328 


L 


4 


.35 


70 ± 


2 


1 n + 33 

19_4 




9 ± 1 


""-50 


107 


14.2 


090510 


S 


0. 


,48 


0.9 ± 0. 


.1 


6+"-^ 

"■°-o.o 




0.630 ± 0.005 


7 ± 1 


1897 


30.0 


090531B 


s 


-0. 


,20 


0.8 ± 0. 


.2 






„ , „4-0.09 
-"■13-0.27 


"■"I0.6 




12.9 


090626 


L 


1 


.54 


52 ± 


3 


50 ± 20 








71 


3.0 


090720B 


L 


-0. 


,26 


6.4 ± 0. 


.7 






"=±I9 


25 


1.7 


090902B 


L 


2 


.82 


25.0 ± 0. 


.3 


>8 


>800 


6 5 + "^^ 


1832 


22.0 


090926A 


L 


2. 


,18 


18.1 ± 0. 


.3 


>6 


>200 


4.0 ± 0.2 


44+* 
-9 


1983 


24.0 


091003 


L 


0. 


,83 


21.9 ± 0. 


.4 


4 ± 3 








108 


2.2 


091031 


L 


1. 


,41 


36.7 ± 0. 


.5 




210+1" 


-'■^-0.3 




44 


14.4 


091208B 


L 


0. 


,26 


15 ± 


2 






""■3±Sl" 




20 


0.6 


100116A 


L 


84. 


,00 


103 ± 


2 


>3 


>100 


77 


19.3 


100225A 


L 


-0. 


,26 


12 ± 


3 






3i;i 


1711 


7 


6.0 


100325A 


L 


-0. 


,38 


6 ± 


2 




''■'"-110 






40 


2.4 


100414A 


L 


1. 


,86 


30 ± 


2 


17^^" 






81 


3.4 


100620A 


L 


0. 


,13 


41.2 ± 0. 


.7 








104lf 


24 


0.8 


100724B 


L 


8. 


,96 


12s ± 


5 






7.2 ± 0.5 


93 


25.9 


100728A 


L 


14. 


,85 


192. 6 ± 0. 


.9 






9+2 


= "ll" 


32 


2.9 


100826A 


L 


8. 


,19 


130 ± 10 






6 


19.1 


101014A 


L 


1. 


,41 


452 ± 


1 






208.5+;;-i^ 


2ie ± 1 




15.4 


101123A 


L 


40. 


,26 


150.8 ± 0. 


.7 


5 + "-^ 


110+^" 
-'-'"-30 


43 4+"-l 
^^■''-0.3 






18.0 


110120A 


L 


0. 


,26 


28 ± 10 


-0 + " " 
"■"-1.0 




35 


3.3 


110328B 


L 


2. 


,05 


130 ± 20 






37 ± 6 


4 


17.9 


110428A 


L 


2. 


,69 


11.0 ± 0. 


.2 




410+"" 
*^"-340 


+ "" 
"■"-0.3 


4 + "-8 
"■*-0.2 


53 


0.0 


110529A 


S 







0.41 ± 0.03 








18.8 


110625A 


L 


3. 


,07 


34 ± 


1 










57 


0.0 


110709A 


L 


1. 


,10 


44.3 ± 0. 


.4 










23 


2.2 


110721A 


L 


0. 


,45 


25.4 ± 0. 


.7 


>0.05 


>200 


-0.62 ± 0.03 


20 ± 20 


162 


30.0 


110731A 


L 


0. 


,26 


7.8 ± 0. 


.3 


3.0 ± 0.2 


24^1™ 


2 5 + "-* 


1711 


460 


17.6 



*^In accordance with convention, wc define as Short (S) those GRBs with GBM Tqq <2 s, and Long (L) those with Tqq >2 s. Durations of GBM 
bursts arc from IPaciesas BtUWWm . 
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Table 4 

Results from Likelihood Analysis 



GRB NAME 


Interval (to~^l) 


Trans. Ev. 


Trans. Ev- 


Test Statistic 


Spectral Index 


Flux 


Flucncc 


^is 


Q (100 McV-10 GcV) 






in the R.OI 




(TS) 




cm s i^xiU ) cig 


cm ^ ( X 10 ^ ) 




r^i-tr / V 1 n52 \ 

erg ( X iiJ J 


080825C 


GBM (1.2-23.4) 


7 


6.S 


36 


-3.3 ± 0.7 


20 ± 10 


0.16 ± 0.06 








LAT (3.2-29.4) 


11 


10.1 


57 


-2.7 ± 0.5 


28 ± 10 


0.3 ± 0.1 




_ 




JOINT (3.2-23.4) 


7 


6.S 


38 


-3.3 ± 0.7 


30 ± 10 


0.16 ± 0.06 




_ 




EXT (23.4-29.4) 


4 


3.5 


25 


-2.1 ± 0.5 


40 ± 20 


0.2 ± 0.2 




_ 




LATTE (3.2-56.2) 


14 


11.5 


50 


-2.7 ± 0.4 


16 ± 5 


0.3 ± 0.1 




- 


080916C 


GBM (1.3-65.5) 


156 


150.3 


1450 


-2.13 ± 0.08 


82 ± 7 


4.3 ± 0.7 




150 ± 20 




LAT (5.0-209.8) 


201 


180.0 


1382 


-2.05 ± 0.07 


29 ± 2 


5.7 ± 0.9 




160 ± 20 




JOINT (5.0-65.5) 


146 


140.2 


1338 


-2.10 ± 0.08 


81 ± 7 


4.3 ± 0.8 




140 ± 10 




EXT (65.5-209.8) 


55 


40.9 


239 


-1.9 ± 0.1 


9 ± 2 


1.6 ± 0.6 




34 ± 6 




LATTE (2.4-562.3) 


264 


201.2 


1210 


-2.08 ± 0.07 


11.7 ± 0.9 


6.0 ± 0.9 




180 ± 20 


081006 


GBM (-0.3-5.9) 


7 


7.0 


72 


-2.4 ± 0.5 


24 ± 9 


0.08 ± 0.05 








LAT (0.7-115.0) 


42 


12.6 


42 


-2.3 ± 0.3 


2.4 ± 0.8 


0.16 ± 0.09 




_ 




JOINT (0.7-5.9) 


7 


7.0 


74 


-2.4 ± 0.5 


30 ± 10 


0.08 ± 0.05 




_ 




EXT (5.9-115.0) 


35 


4.3 


7 


_ 


<2 


<0.2 








LATTE (0.7-23.7) 


13 


9.8 


64 


-2.3 ± 0.4 


9 ± 3 


0.13 ± 0.08 




- 


081024B 


GBM (-0.1-0.5J 


7 


7.0 


111 


-2.0 ± 0.4 


260 ± 100 


0.2 ± 0.1 




- 




LAT (0.1-191.0) 


40 


12.2 


44 


-2.0 ± 0.3 


1.8 ± 0.6 


0.4 ± 0.3 




- 




JOINT (0.1-0.5) 


7 


7.0 


113 


-2.0 ± 0.4 


300 ± 100 


0.2 ± 0.1 




_ 




EXT (0.5-191.0) 


33 


4.0 


9 




<2 


<0.3 




_ 




LATTE (0.1-7.5) 


12 


10.9 


103 


-1.9 ± 0.3 


31 ± 10 


0.3 ± 0.2 




_ 


090217 


GBM (0.8-34.9) 


17 


13.5 


89 


-2.5 ± 0.4 


11 ± 3 


0.17 ± 0.08 




- 




LAT (6.2-68.0) 


19 


15.8 


105 


-2.5 ± 0.3 


7 ± 2 


0.20 ± 0.08 




- 




JOINT (6.2-34.9) 


16 


13.1 


92 


-2.5 ± 0.4 


12 ± 4 


0.17 ± 0.08 




- 




EXT (34.9-68.0) 


3 


2.9 


13 


- 


<6 


<0.2 








LATTE (0.3-56.2) 


20 


15.1 


94 


-2.5 ± 0.3 


7 ± 2 


0.20 ± 0.08 






090227B 


GBM (-0.1-1.2) 


3 


3.0 


30 


-3 ± 1 


500 ± 300 


0.2 ± 0.1 




- 


090323 


GBM (8.2-151.6) 


20 


15.1 


60 


-3.1 ± 0.5 


6 ± 2 


0.26 ± 0.08 




40 ± 30 




LAT (15.9-293.9) 


54 


31.8 


119 


-2.3 ± 0.2 


3.4 ± 0.7 


0.6 ± 0.2 




20 ± 5 




JOINT (15.9-151.6) 


19 


14.1 


57 


-3.2 it 0.5 


6 ± 2 


0.23 ± 0.07 




40 ± 30 




EXT (151.6-293.9) 


35 


16.8 


73 


-1.9 ± 0.2 


2.4 ± 0.7 


0.5 ± 0.3 




7 ± 2 




LATTE (10.0-421.7) 


88 


41.2 


136 


-2.3 ± 0.2 


2.7 ± 0.5 


0.6 ± 0.2 




24 ± 6 


090328 


GBM (4.3-70.4) 


10 


4.2 


11 




<10 


<0.7 




<0.4 




LAT (IS. 8-652. 9) 


192 


45.6 


105 


-2.0 ± 0.2 


1.7 ± 0.3 


1.1 ± 0.4 




1.1 ± 0.2 




JOINT (IS. 8-70. 4) 


6 


2.5 


9 




<10 


<0.6 




<0.3 




EXT (70.4-652.9) 


1S6 


43.1 


98 


-2.1 ± 0.2 


1.7 ± 0.3 


0.9 ± 0.4 




1.0 ± 0.2 




LATTE (13.3-1778.3) 


430 


61.4 


107 


-2.0 ± 0.1 


0.8 ± 0.1 


1.5 ± 0.5 




1.4 ± 0.2 


090510 


GBM (0.5-0.9) 


36 


36.0 


728 


-1.7 ± 0.1 


1800 ± 300 


1.6 ± 0.6 




1.3 ± 0.2 




LAT (0.6-45.6) 


185 


180.1 


1897 


-2.05 ± 0.07 


80 ± 6 


3.5 ± 0.6 




5.5 ± 0.4 




JOINT (0.6-0.9) 


36 


36.0 


741 


-1.7 ± 0.1 


2200 ± 400 


1.6 ± 0.6 




1.3 ± 0.2 




EXT (0.9-45.6) 


149 


143.6 


1393 


-2.16 ± 0.09 


66 ± 6 


2.3 ± 0.4 




4.2 ± 0.4 




LATTE (0.0-177.8) 


220 


194.5 


1529 


-2.06 ± 0.07 


22 ± 2 


3.7 ± 0.6 




5.8 ± 0.5 


090626 


GBM (1.5-52.0) 


6 


2.6 


8 


- 


<3 


<0.2 




- 




LAT (52.2-299.9) 


55 


19.3 


62 


-2.3 ± 0.3 


2.2 ± 0.6 


0.3 ± 0.2 




- 




EXT (52.0-299.9) 


56 


19.2 


61 


-2.3 ± 0.3 


2.2 ± 0.6 


0.3 ± 0.2 








LATTE (4.2-749.9) 


107 


28.4 


71 


-2.2 ± 0.2 


1.3 ± 0.3 


0.7 ± 0.3 






090720B 


GBM (-0.3-6.4) 


3 


2.5 


25 


-1.7 ± 0.5 


10 ± 10 


0.3 ± 0.4 








LATTE (0.2-75.0) 


8 


3.0 


16 




<5 


<0.4 




- 


090902B 


GBM (2.S-25.0) 


158 


155.4 


1822 


-1.96 ± 0.07 


260 ± 20 


7 ± 1 




35 ± 3 




LAT (7.7-825.0) 


438 


301.1 


1664 


-1.95 ± 0.05 


7.5 ± 0.5 


8 ± 1 




38 ± 2 




JOINT (7.7-25.0) 


140 


139.4 


1824 


-1.94 ± 0.07 


290 ± 30 


7 ± 1 




32 ± 3 




EXT (25.0-825.0) 


298 


159.6 


733 


-2.02 ± 0.08 


4.1 ± 0.4 


3.5 ± 0.7 




20 ± 2 




LATTE (2.4-749.9) 


439 


313.5 


1832 


-1.96 ± 0.05 


8.6 ± 0.5 


8 ± 1 




40 ± 2 


090926A 


GBM (2.2-lS.l) 


152 


150.7 


1800 


-2.29 ± 0.09 


350 ± 30 


3.5 ± 0.5 




44 ± 4 




LAT (5.5-225.0) 


246 


234.1 


1983 


-2.12 ± 0.07 


43 ± 3 


8 ± 1 




74 ± 5 




JOINT (5.5-lS.l) 


141 


140.1 


1755 


-2.27 ± 0.09 


410 ± 40 


3.3 ± 0.5 




41 ± 4 




EXT (18.1-225.0) 


105 


94.1 


673 


-1.94 ± 0.09 


17 ± 2 


5 ± 1 




29 ± 3 




LATTE (3.2-294.6) 


267 


247.9 


1954 


-2.13 ± 0.07 


36 ± 2 


9 ± 1 




83 ± 6 


091003 


GBM (O.S-21.9) 


9 


6.2 


45 


-2.0 ± 0.4 


6 ± 3 


0.1 ± 0.1 




0.20 ± 0.09 




LAT (3.9-452.6) 


99 


31.3 


107 


-2.1 ± 0.2 


1.4 ± 0.3 


0.6 ± 0.2 




1.0 ± 0.2 




JOINT (3.9-21.9) 


8 


5.2 


40 


-1.8 ± 0.4 


6 ± 3 


0.2 ± 0.2 




0.18 ± 0.09 




EXT (21.9-452.6) 


91 


25.5 


75 


-2.1 ± 0.2 


1.2 ± 0.3 


0.4 ± 0.2 




O.S ± 0.2 




LATTE (1.0-316.2) 


75 


29.4 


108 


-2.2 ± 0.2 


2.0 ± 0.4 


0.5 ± 0.2 




0.9 ± 0.2 


091031 


GBM (1.4-36.7) 


15 


2.2 


4 


_ 


<5 


<0.2 








LAT (3.1-206.2) 


64 


14.8 


44 


-2.0 ± 0.3 


1.6 ± 0.5 


0.3 ± 0.2 








JOINT (3.1-36.7) 


14 


1.0 


3 


- 


<4 


<0.1 




- 




EXT (36.7-206.2) 


50 


13.7 


46 


-2.0 ± 0.3 


1.8 ± 0.6 


0.4 ± 0.2 




- 




LATTE (2.4-100.0) 


34 


11.2 


41 


-2.2 ± 0.3 


2.7 ± 1.0 


0.2 ± 0.1 




- 


091208B 


GBM (0.3-15.0) 


3 


3.0 


20 


-1.9 ± 0.5 


9 ± 5 


0.2 ± 0.2 




0.3 ± 0.2 




LATTE {l.S-42.2) 


7 


4.6 


17 




<10 


<0.5 




<0.5 


100116A 


GBM (S4. 0-102.6) 


6 


5.4 


28 


-2.9 ± 0.7 


8 ± 4 


0.05 ± 0.03 








LAT (3.0-141.0) 


40 


14.1 


60 


-2.1 ± 0.3 


2.3 ± O.S 


0.3 ± 0.2 








JOINT (S4. 0-102. 6) 


6 


5.4 


28 


-2.9 ± 0.7 


8 ± 4 


0.05 ± 0.03 








EXT (102.6-141.0) 


16 


8.9 


55 


-1.9 ± 0.3 


5 ± 2 


0.3 ± 0.3 








LATTE (1. 3-177. S) 


49 


18.7 


77 


-2.2 ± 0.3 


2.7 ± 0.7 


0.3 ± 0.2 






100225A 


GBM (-0.3-12.5) 


2 


l.S 


7 




<20 


<0.3 






100325A 


GBM (-0.4-6.3) 


4 


4.0 


40 


-1.9 ± 0.4 


11 ± 6 


0.1 ± 0.1 








LATTE (0.2-23.7) 


7 


5.2 


29 


-2.0 ± 0.4 


4 ± 2 


0.1 ± 0.1 







Table 4 — Continued 



CO 



GRB NAME 


Interval {tQ - t 3^ J 


Trana- Ev. 


Trai 


s. Ev. 


Tost Statistic 


Spectral Index 


Flux 


Fluonco 




J (100 McV-10 GcV) 






in the ROI 


Predicted 


(TS) 




cm-2 ,-1 (xlO-S) 


org (xlQ-S) 




org (X10^2) 




100414 A 


GBM (1.9-30.2) 


9 




6.4 


27 


-2.7 ± 0.6 


40 ± 20 


0.4 ± 0.2 




4 ± 2 




LAT (17.4-2SS.6) 


60 




24.1 


77 


-2.0 ± 0.2 


2.7 ± 0.7 


0.8 ± 0.4 




2.6 ± 0.6 




JOINT (17.4-30.2) 


8 




5.7 


27 


-2.4 ± 0.5 


60 ± 30 


0.4 ± 0.3 




3 ± 1 




EXT (30.2-2SS.6) 


52 




19.6 


64 


— 1.9 ± 0.2 


2.2 ± 0.6 


0.7 ± 0.4 




2.1 ± 0.5 




LATTE (10.0-316.2) 


65 




27.0 


81 


-2.0 ± 0.2 


2.6 ± 0.6 


0.8 ± 0.4 




2.8 ± 0.6 


100620A 


GBM (0.1-41.2) 


9 




4.5 


19 




<5 


<0.2 








LATTE (2.4-316.2) 


45 




10.4 


24 


-3.4 ± 0.7 


0.9 ± 0.3 


0.07 ± 0.03 






100724B 


GBM (9.0-127.5) 


32 




20.9 


90 


-5.0 ± 0.9 


10 ± 2 


0.26 ± 0.06 








LATTE (5.6-100.0) 


30 




20.9 


93 


-4.8 ± 0.9 


12 ± 3 


0.25 ± 0.06 






100728A 


GBM (14.8-192.6) 


28 




3.3 


4 




<2 


<0.5 








LATTE (5.6-749.9) 


136 




13.0 


32 


-1.6 ± 0.2 


0.4 ± 0.1 


0.9 ± 0.6 






100826A 


GBM (8.2-127.0) 


4 




2.7 


6 




<30 


<4 






110120A 


GBM (0.3-27.8) 


6 




4.8 


18 




<s 


<0.2 








LAT (0.5-112.8) 


22 




9.6 


35 


-1.9 ± 0.3 


1.6 ± 0.6 


0.3 ± 0.2 








JOINT (0.5-27.8) 


6 




4.8 


18 




<8 


<0.2 








EXT (27.8-112.8) 


16 




4.8 


21 


-1.6 ± 0.3 


1.0 ± 0.5 


0.3 ± 0.3 








LATTE (0.6-75.0) 


15 




8.0 


35 


-1.9 ± 0.3 


2.0 ± 0.8 


0.2 ± 0.2 






110328B 


GBM (2.0-127.0) 


9 




1.3 


4 




<0.9 


<0.1 






110428A 


GBM (2.7-11.0) 


1 




0.9 


3 




<10 


<0.1 








LAT (10.7-407.6) 


78 




16.1 


53 


-1.7 ± 0.2 


0.8 ± 0.2 


0.7 ± 0.4 








EXT (11.0-407.6) 


78 




16.1 


53 


-1.7 ± 0.2 


0.8 ± 0.2 


0.7 ± 0.4 








LATTE (5.6-177.8) 


36 




11.5 


50 


-1.7 ± 0.2 


1.3 ± 0.5 


0.7 ± 0.4 






110625A 


LATTE (75.0-562.3) 


121 




31.0 




-2.6 ± 0.3 


3.3 ± 0.8 


0.6 ± 0.2 






110709A 


GBM (1.1-44.3) 


15 




8.3 


21 


-3.9 ± 0.9 


11 ± 5 


0.12 ± 0.05 








LATTE (5.6-42.2) 


12 




7.6 


23 


-3.8 ± 0.9 


12 ± 5 


0.11 ± 0.05 






110721A 


GBM (0.5-25.4) 


21 




17.7 


114 


-2.5 ± 0.3 


21 ± 5 


0.24 ± 0.09 








LAT (0.1-239.0) 


70 




26.3 


75 


-2.9 ± 0.4 


2.8 ± 0.6 


0.22 ± 0.06 








JOINT (0.5-25.4) 


21 




17.7 


114 


-2.5 ± 0.3 


21 ± 5 


0.24 ± 0.09 








EXT (25.4-239.0) 


45 




3.6 


3 




<1.0 


<0.2 








LATTE (0.0-23.7) 


27 




23.6 


162 


-2.9 ± 0.4 


31 ± 7 


0.26 ± 0.07 






110731A 


GBM (0.3-7.8) 


41 




39.8 


350 


-2.6 ± 0.2 


110 ± 20 


0.37 ± 0.09 




14 ± 3 




LAT (3.0-24.1) 


58 






460 


-2.4 ± 0.2 


55 ± 8 


0.6 ± 0.1 




17 ± 3 




JOINT (3.0-7.8) 


38 




37.2 


357 


-2.5 ± 0.2 


170 ± 30 


0.36 ± 0.09 




13 ± 3 




EXT (7.8-24.1) 


20 




18.7 


154 


-2.3 ± 0.3 


23 ± 6 


0.2 ± 0.1 




5 ± 1 




LATTE (1.8-562.3) 


193 




69.2 


230 


-2.4 ± 0.2 


2.6 ± 0.4 


0.8 ± 0.2 




22 ± 4 



Table 5 
Fermi-LAT LOCALIZATIONS 



GRB NAME 


R.A- 




Dec. 




68% 


90% 


95% 




Dcg., ,12000 


Dog., .12000 


D 


eg. 


D. 


og- 


Deg. 


080825C 


233 


.95 


-4 


.55 





.77 


1 


.24 


1 


.55 


080916C 


119 


.87 


-56 


.58 





.07 





.10 





.12 


081006 


136 


.43 


-62 


.10 





.51 





.76 





.89 


081024B 


322 


.94 


21 


.05 





.29 





.46 





.56 


090217 


204 


.79 


-8 


.41 





.35 





.51 





.59 


090323 


190 


.64 


17 


.03 





.10 





.16 





.20 


090328 


90 


.54 


-42 


.01 





.13 


0. 


.17 





.19 


090510 


333 


.50 


-26 


.53 





.04 





.06 





.07 


090626 


169 


.97 


-33 


.34 





.23 


0. 


.32 





.37 


090720B 


203 


.08 


-54 


.26 





.33 





.53 





.65 


090902B 


264 


.99 


27 


.32 





.04 





.05 





.06 


090926A 


353 


.57 


-66 


.33 





.04 





.07 





.08 


091003 


251 


.40 


36 


.57 





.15 





.22 





.25 


091031 


71 


.40 


-57 


.70 





.24 





.35 





.41 


091208B 


29 


.02 


17 


.74 





.88 


1 


.47 


1 


.76 


100116A 


304 


.96 


14 


.48 





.17 





.25 





.29 


100325A 


330 


.18 


-26 


.40 





.60 





.86 


1 


.00 


100414A 


192 


.16 


8 


.64 





.12 


0. 


.18 





.22 


100620A 


86 


.98 


-50 


.96 





.71 


1 


.08 


1 


.28 


100724B 


120 


.54 


76 


.60 


1 


.03 


1 


.56 


1 


.81 


100728A 


88 


.91 


-15 


.01 





.10 





.19 





.23 


110120A 


61 


.55 


-11 


.95 





.35 





.53 





.62 


110428A 


5 


.47 


64 


.80 





.16 





.23 





.27 


110625A 


286 


.68 


6 


.81 





.27 





.42 





.51 


110709A 


236 


.28 


41 


.74 


1 


.51 


2 


.37 


2 


.99 


110721A 


333 


.49 


-38 


.62 





.53 





.80 





.93 


110731A 


280 


.42 


-28 


.56 





.19 





.27 





.31 



Table 6 

Highest energy events for Fermi-LAT GRBs: GBM Durations 



GRB NAME Number of events 

(> 100 McV, P>0.9) 



080825C 


7 


080916C 


143 


081006 


7 


081024B 


7 


090217 


11 


090227B 


3 


090323 


12 


090510 


36 


090720B 


2 


090902B 


155 


090926A 


149 


091003 


6 


091208B 


3 


100116A 


4 


100325A 


4 


100414A 


4 


100620A 


3 


100724B 


16 


110120A 


4 


110709A 


3 


110721A 


15 


110731A 


38 



Energy 
GoV 


Ait: 


Lval time 


Probability 


0.29 




3.25 


0.9854 


13.22 




16.54 


0.9999 


0.65 




1.80 


0.9997 


3.07 




0.49 


1.0000 


0.87 




14.83 


0.9960 


0.24 




0.48 


0.9996 


0.48 




92.74 


0.9682 


31.31 




0.83 


1.0000 


1.45 




0.22 


0.9997 


11.16 




11.67 


0.9999 


3.19 




9.48 


0.9990 


2.83 




6.47 


0.9997 


1.18 




3.41 


0.9958 


0.86 




101.30 


0.9973 


0.84 




0.35 


0.9990 


0.64 




19.89 


0.9442 


0.27 




3.77 


0.9SS6 


0.22 




61.75 


0.9805 


0.46 




0.87 


0.9570 


0.17 




30.63 


0.9596 


0.86 




0.86 


0.9937 


0.88 




5.52 


0.9974 
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Table 7 

Highest energy events for Fermi-LAT GRBs: EXT Durations 



GRB NAME Number of events 

(> 100 MoV, P>0.0) 



0S0S25C 


3 


080916C 


33 


090323 


11 


090328 


14 


090610 


141 


090626 


9 


090902B 


108 


090926A 


80 


091003 


11 


091031 


5 


100116A 


7 


100414A 


11 


110120A 


2 


110428A 


5 


110731A 


18 



Energy 
Gov 


Arr 


ival time 


Probability 


0.57 




28.29 


0.999 


1.46 




124.16 


0.998 


7.50 




195.42 


1.000 


3.83 




264.42 


0.956 


3.90 




1.55 


1.000 


2.09 




111.63 


0.998 


12.54 




45.61 


0.999 


19.56 




24.83 


1.000 


1.79 




76.78 


0.993 


1.19 




79.75 


0.996 


2.20 




105.71 


1.000 


4.72 




288.26 


0.999 


1.82 




72.46 


0.998 


2.62 




14.79 


0.999 


1.90 




8.27 


1.000 



Table 8 

Highest energy events for Fermi-LAT GRBs: Time resolved analysis 



GRB NAME Number of events 

(> 100 MeV, P>0.9) 



080825C 


10 


080916C 


181 


081006 


10 


081024B 


11 


090217 


16 


090323 


28 


090328 


23 


090510 


186 


090626 


15 


090720B 


2 


090902B 


276 


090926A 


239 


091003 


20 


091031 


7 


091208B 


4 


100116A 


14 


100325A 


5 


100414A 


19 


100620A 


6 


100724B 


16 


100728A 


5 


110120A 


6 


110428A 


6 


110625A 


6 


110709A 


5 


110721A 


22 


110731A 


64 



Energy 


Arrival ti 




Probability 


Gov 








0.57 


28 


.29 


0.997 


13.22 


16 


.54 


1.000 


0.79 


12 


.08 


0.955 


3.07 





.49 


1.000 


1.23 


179 


08 


0.907 


7.50 


195 


42 


1.000 


5.32 


697 


80 


0.926 


31.31 





.83 


1.000 


2.09 


111 


63 


0.999 


1.45 





.22 


0.997 


33.39 


81 


.75 


0.949 


19.56 


24 


.83 


1.000 


2.83 


6 


.47 


1.000 


1.19 


79 


.75 


0.999 


1.18 


3 


.41 


0.956 


13.12 


296 


43 


0.993 


0.84 





.35 


0.990 


4.72 


288 


26 


1.000 


0.27 


3 


.77 


0.994 


0.22 


61 


.75 


0.988 


13.54 


5461. 


08 


0.987 


1.82 


72 


.46 


0.999 


2.62 


14 


.79 


1.000 


2.42 


272 


44 


0.986 


0.42 


41 


.75 


0.921 


1.73 





.74 


0.998 


3.39 


435 


96 


0.998 
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Table 9 

Temporally extended high-energy emission 



GRB NAME 


Peak Flux Fp 
cm-2 B-l (xlO-5) 


Peak-Flux Time tp 


tror 


o (SPL) 
n the peak flux 


qCSPL) 
from GBM Tgg 


Qi (BPL) 


Q2 (BPL) 


Break Time (BPL) tj, 


QSQ916C 


500 ± 100 


6.6 ± 0.9 




1.37 ± 0.07 


1.8 ± 0.3 








090323 


6 ± 3 


40 ± 30 




1.0 ± 0.3 


0.9 ± 0.3 








090328 


9 ± 4 


40 ± 30 




1.0 ± 0.3 


0.9 ± 0.2 








090510 


3900 it 600 


0.9 ± 0.1 




1.8 ± 0.2 


1.82 ± 0.2 


2.2 ±0.1 


1.1 ± 0.1 


7 ± 1 


090902B 


600 ± 100 


9 ± 1 




1.56 ± 0.06 


1.4 ± 0.1 


1.7 ± 0.2 


0.8 ± 0.2 


130 ± 50 


091003 


8 ± 3 


22 ± 9 




1.0 ± 0.2 


1.6 ± 0.3 


2.7 ± 0.09 


0.86 ± 0.07 


40 ± 5 


091003 


8 ± 3 


22.5 ± 9.1 




1.0 ± 0.2 


1.0 ± 0.2 








100414A 


70 ± 30 


20 ± 10 




1.7 ± 0.3 


1.1 ± 0.4 








110731A 


220 ± 60 


4.9 ± 0.7 




1.8 ± 0.2 


1.5 ± 0.2 









Note.— Using numbers from this table wc also define tlic "late-time decay index" a^, wfiicfi is equal to a from GBM T95 for all GRBs, except the 3 for which we 
detect the break time, for which oi = ciq^- The corresponding value is also marked with the bold font. 



Table 10 

The best spectral model for the GRB during the GBM interval, ordered by 

FLUENCE 



Flucncc 


Best n 


lodcl 


6 


10 kcV - 10 GcV 






dog 


(10-'^ org/cm2) 









100724B 

090902B 

090926A 

080916C 

090323 

100728A 

100414A 

090626 

110721A 

090328 

100116A 

110709A 

080825C 

090217 

091003 

110120A 

110328B 

110731A 

090510 

091031 

110428A 

090720B 

100225A 

091208B 

100620A 

081006 

110529A 

100325A 

090531B 

081024B 



4665^^6 
4058^^* 
2225^gQ 
^""" + 41 

i==s;44 
1293+2I 

927;}? 
876+2| 

^"+11 
638 + ^^ 

517-^" 
"'-^+21 

512^ 

«i;i" 

417-37 

3™+20 
360^1 

288^ 
^^^+10 

is5;]3 

101 J 
"•^ + 13 

49-8 

38-^ 
30- = 



Band + Po 



with . 
Tipton 
with ( 



nptc 

Logarith 
Logarith 



ncntial 


cuto 


■ ff 


48.9 


+ Pow 


cr la 




50.8 


ncntial 


cuto 


■ ff 


48.1 


+ Pow 


cr la 




48.8 




Bar 


id 


57.2 


Compt. 


Dnizcd 


59.9 


+ Pow 


cr la 




69.0 


Lmic pa: 


rabo 


la 


18.3 


imic pa: 


rabo 


la 


40.3 




Bar 


id 


64.6 




Bar 


id 


26.6 




Bar 


id 


53.4 




Bar 


id 


60.3 




Bar 


id 


34.5 




Bar 


id 


21.3 




Bar 


id 


13.6 


Compt. 


itnizcd 


31.7 


+ Pow 


cr la 




3.4 


+ Pow 


cr la 




13.6 




Bar 


id 


23.9 




Bar 


id 


34.6 




Bar 


id 


56.1 




Bar 


id 


55.5 




Bar 


id 


55.6 




Bar 


id 


24.3 




Bar 


id 


11 




Bar 


id 


30 




Bar 


id 


7.1 


Compt. 


itnizcd 


21.9 




Bar 


id 


18.7 



Note. — Wc exclude from this 
6 >70°) and GRB101014A, wh 



all GRBs oi 
; detected to 



lal LAT FOV (w 
,rth limb. 
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Table 11 

Results for the joint fit over the interval GBM T05-GBM T95 



Main component Additional components 



GRB 






_^aiid 






Con 


iptonizcd 


Log. Parabola 


Fluencc 


Power law 


Cut Off 


Fluencc 


Total Fluencc 


Statistic 




(kcV) 










^0 
(kcV) 




(kcV) 


10 kcV - 10 GcV 
(lO-*^ crg/cm2) 




Ec 
(McV) 


10 kcV - 10 GcV 
(10-'' org/om2) 


10 kcV - 10 GcV 
(lO"*^ crg/cm2} 


Stat./Dof 


080825C 


14l7r 


-0 


g^-0.02 
+ 0.02 


-2. 


,„-0.04 
+ 0.03 
















517-2" 
+ 21 


1002.2/821 


080916C 


2697^? 
+ 21 


__o 


+ 0.05 


-2. 


22-0.04 
+ 0.02 








16147?-^ 
+ 12 


2-017??J 
+ 0.15 




isii;?? 

+ 114 


17957^? 
+ 41 


485.1/354 


081006 


.„„-197 
496 1 Tfii 
+ 394 


-0. 


■'^^+0.34 


-2. 


3^-0.10 
+ 0.08 
















^^+10 


477.3/478 


081024B 


1313"^?" 
+ 1196 


-0 


-0.13 
■ +0.16 


— 2. 


-0.13 
+ 0.10 
















307c 
+ 6 


354.3/357 


090217 


5047?! 
+ 30 


-0 


^„-0.02 
+ 0.02 


— 2. 


^^-0.05 
^" + 0.05 
















^■'■2 + 16 


495.7/358 


090227B 


13007^f 
+ 76 


~0 


+0.03 


-3. 


20-0.32 
+ 0.23 
















3257]-^ 
+ 17 


516.1/462 


090323 


440-2? 
+ 21 


-1 


0^-0.01 
+0.01 


-2. 


70-0.07 
+ 0.06 
















15287** 
+ 44 


963.9/357 


090328 


— 49 

+ 54 


- 1 


-0.02 
+0.02 


— 2 


-0.09 
+ 0.07 
















8177o^ 
+ 34 


713.2/471 


090510 


^■^ 'S_[_240 


-0. 


-0.05 
+0-05 


— 2. 


-0.23 
+ 0. 16 








2757}^ 
+ 15 


1 -0.04 
+ 0.03 




84 7}! 
+ 19 


360 7 }o 
+ 18 


704.9/707 


090531B 












12337o^^ 
+ 270 


0.587!;,!,? 

+ 0.08 












387r 

■^" + 5 


696.2/587 


090626 
















0.347,^°?- 3007}i 
+ 0.01 +12 










9277}^ 
+ 17 


993.4/593 


090720B 


8177lf 
+ 85 


-0 


gg-0.03 
+0.03 


-2. 


-0.13 
+ 0.10 
















185 7?-^ 
+ 13 


431.8/470 


090902B 


— 
524 , ^ ^ 
+ 10 


-0. 


61 

+0.01 


— 4. 


+ 0.29 








31167o^ 
+ 21 


, „.-0.01 

1 . 94 1 m 
+ 0.01 




985 7 r 

+ 58 


4101^12 


627.5/477 


090926A 


2047^ 
+6 


~0 


-0.02 
+ 0.02 


— 2. 


„„-0.05 
+ 0. 04 








— 49 
1739 , 

+ 53 


1 73-"-"^ 
+ 0.03 


153375?? 
+ 665 


4867^? 
+ 44 


2225_|_gQ 


709.0/470 


091003 


4307?-^ 
+ 19 


- 1 


Q2-0.01 
+0.01 


— 2. 


„„-0.07 
+ 0. 06 
















4617;^ 
+15 


1139.8/710 


091031 


450 7 ?o 
+ 33 


-0 


9T-0.03 
+0.03 


-2. 


gg-0.12 
+ 0.09 
















2887,1? 
+ 10 


400.4/356 


091208B 


+ 38 


-1. 


29-0.07 
+0.08 


-2. 


23-0. OS 
















^3 + 13 


538.9/355 


100116A 


1133^11 


-1 


-0.01 
■^^^ + 0.01 


-3. 


-0.13 
^^'^+0.10 
















638_(^26 


381.2/356 


100225A 




-0 


.--0.06 
■^'+0.05 


-2. 


49-0.17 

"^■^+0.11 
















i"i;7 


499.5/470 


100325A 




-0. 


....-0.11 
■■^■^+0.12 


-2. 


-0.09 
+ 0.07 


















485.0/468 


100414A 














46"" "3 
"■^'^ + 0.02 




99S;;5 


1 75-0.09 
^- '^ + 0.06 




100^^"^ 


109S-|J 


504.1/354 


100620A 




-1 


^0-0.09 
^^ + 0.09 


-2. 


39-0. 11 
■^ + 0.08 
















84-3 
° +9 


814.0/710 


100724B 


263-J 


-0 


-0.00 
■ '-^ + 0.01 


-2. 


-0.01 
^"^+0.01 
















.„„_-76 
*865 + 7g 


734.7/468 



Table 11 — Continued 















Main cor 


□poncnt 








Additional cc 


jmponents 










GRB 




Ban 


d 






Comptoi 


lizcd Log. 


Parabola 




FluQnco 


Power law Cut Off 


Fli 


uence 


Total 


Fluonce 


Statistic 




Eo 
(keV) 










Eo 
(kcV) 


a b 


Ep 
(kcV) 


10 k 

(10- 


oV - 10 GoV 
-7 crg/cm2) 


Ee 
(MeV) 


10 keV 

(10-^ 


- 10 GeV 
erg/c.n2) 


10 kcV 

(10-''' 


- 10 GoV 
erg/e.„2) 


Stat./Dof 


100728A 












2™;i'l 


79-"'°2 
















1293^27 


391.5/242 


100826A'=^ 


■'■'-' + 12 


-1 00-""^ 

^■""+0.01 


-2.03^0; 


02 
02 




















6030;|f^2n 


636.8/350 


101014A 














27-" "^ 
"■'^'-l-O-Ol 


340;J| 














^882 + 54 


778.0/349 


101123A'=^ 


497-20 




.01 
01 


-204;0. 


03 
03 




















=>-'=>= + 647 


619.7/348 


110120A 


609 + 70 


-0.65;0 


.04 
04 




17 
11 






















385.2/357 


110328B 












i2io;|^^ 


T „„-Q.03 
^■"=■^+0.03 
















''l'+47 


539.7/358 


110428A 


10=^3 


-0.28 + 


.03 
03 


-2.9o;0; 


.13 
10 




















255-0^ 


531.4/470 


110529A 




-o.so+0 


.06 
06 


-2 75-0 
2- '= + 0. 


34 
19 






















450.0/470 


110625A'=^ 




-0.85^0 


.02 
02 


44-0. 06 




















00^54^" 


773.8/462 


110709A 




-0.81 + 04 


„ =4-0.07 
'^■^■^+0.06 




















518 + 2g 


599.4/355 


110721A 














29-" "^ 
"■'^'^-1-0-01 


l«i;99 














876-28 
8"" + 28 


1112.3/701 


110731A 


26Vi8 


-0.82^0 


.03 
03 


„ ,„-0.03 
+0.02 




















4oo;;? 


413.8/354 




'-'^ + 16 


-0.40;0 


.10 
10 


-2-*8+g: 


24 
13 










280;56 


, 0,-0.04 
^■^°+0.08 




■'■' + 31 




379-21 


397.1/352 




^These 
extrapolat 


GRBs have such 
ing the best fit v 


a largo off- 


the 


angle that th 
LAT onorgy i 


■angc. 


caponding cffccti 


VG area for the LAT (Tran 


sicnt class) is r 


Lcgligiblc 


. Accordingly, c 


>nly GBM data have been used 




spectral analysis, 


and the 


flucncc has b< 





Note. — Each GRB is modeled by one main component, and eventually one or more additional components. So for example, the spectrum of GRB 0SQS25C is well described by a Band model, thus only the corresponding columns are filled. 
The spectrum of GRB 090926A is instead modeled by a Band model plus a Power law times an Exponential cutoff (see main text). 



Table 12 

Results for the joint fit over the interval between the first photon detected by the LAT inside the 

energy-dependent roi and the gbm t95 



Main component Additional components 



GRB 






Band 






Comptonizcd 




Log. 


Parabola 


Fluoncc 


Po\ 




Cut Off 


Fli 




Total 


Fluenec 


Statistic 




Eo 
(IsoV) 




Q 




,a 


Eo 
(IsoV) 




b 


Ep 
(koV) 


10 keV - 10 GeV 
(10-'' org/cm2) 




a 


Ec 
(McV) 


10 kcV 
(lO"*^ 


- 10 GeV 
erg/em2) 


10 keV 
(10"''' 


- 10 GeV 
erg/em^) 


Stat./Dof 


080825C 


126^^ 


-0 


p,-0.02 
" +0.02 


-2 


-0.05 
■*'^+0.04 
























3oS+jg 


975.9/821 


080916C 


260-lJ 


-0 


" +0.05 


-2 


-0.04 
■ +0.02 










1498-Jl 


2 


-0.06 
"" + 0.12 






191-°** 
'■" + 107 




1689-36 


474.6/354 


081006 

















,j^-0.05 
^■^ + 0.05 


^^^,-1598 
"""'+2309 


















461.7/479 


081024B 

















T .,-0.03 
+ 0.03 


*''28^;69?59 
















22-* 


338.9/358 


090217 


r.i^-29 

-^'3 + 32 


-0 


„„-0.02 
°° + 0.02 


-2 


,,-0.05 
■^' + 0.05 
























500; ;5 


497.7/358 


090323 


.,^-20 
"36 + 21 


-1 


-0.01 
^^^ + 0.01 


— 2 


f.n-0.07 
+ 0.06 
























— 44- 
1-192 + JJ 


965.4/357 


090510 


,_,,-243 


-0 


-0.05 
■" + 0.05 


-3 


-0.30 
■ +0.19 










263- 


1 


■"" + 0.04 










352-1'' 
^■'^+19 


668.6/707 


090720B 


915-"^ 
■^^■^+145 


-1 


„3-0.04 
■'^ + 0.04 


-2 


-0.20 
■°"+0.13 
























iii^g 


440.7/470 


090902B 












-10 „ „„-0.01 
^■^' + 10 ■'"'^ + 0.01 








3057-^J 


1 


94-""l 

■■'*+o.oi 






1007-5J 




4063-^* 


628.5/478 


090926A 


188;^ 


-0 


-0.03 
° +0.03 


-2 


„„-0.06 
■53 + 0.05 










1276"*^ 
'■^'"+45 


1 


-0.03 
■ +0.02 


-381 
'■"■' + 617 




■"'3 + 42 




1818+46 


685.9/467 


091003 


425"!** 


-1 


Q2-0.01 
■•^ + 0.01 


-2 


P_-0.07 
■'° + 0.06 


























1133.5/710 


091208B 


1";45 


-1 


,„-0.0S 
-^+0.09 


-2 


-0.08 
^■■ + 0.07 
























8";i? 


514.2/355 


100116A 


^^^'+163 


-1 


„„-0.03 
■'" + 0.03 


-2 


„„-0.10 
" +0.08 
























660-3J 


512.2/356 


100325A 


'^'*+i'o 


-0 


3Q-0.12 
^■'+0.14 


-2 


o.j-0.09 
3^ + 0.07 


























458.8/468 


100414A 


401^^^ 


-0 


63-". 02 
■"' + 0.02 


-2 


„„-0.10 
''*'+0.0S 
























79'? — 38 
'■J^ + 41 


418.7/355 


100724B 


265"'^ 


-0 


_„-0.00 
'^ + 0.01 


-2 


-0.01 
■"'+0.01 
























4856 + ^8 


745.6/468 


110709A 




-0 


-0.04 
+0.04 


-2 


"■'+0.06 
























*26;^| 


575.0/355 


110721A 

















,,„-0.01 
''° + 0.01 


1847-1"^ 
'°*' + 114 
















104i;31 


1101.0/701 


110731A 


144- " 





■" + 0.15 


-2 


-0.11 
+ 0.07 










■^-" + 40 


2 


00- ""s 

+ 0.08 






'■' + 32 




3°°+19 


409.8/352 





Note.— Each GRB is modeled by one main component, and eventually one or more additional components. So for example, the spectrum of GRB 080825C is well described by a Band model, thus only the corresponding columns arc filled. The 
spectrum of GRB 09092eA is instead modeled by a Band model plus a Power law times an Exponential cutoff (see main text). 



Table 13 

Isotropic equivalent energy by component. 



GRB NAME Best Model 



GRB080916C BP 647.2+^5^^ 564. 6^j^^^^ 

-11.7 ^-'-'--11. 7 



GRB090323 B 411.7^^^-^ 411.7 

GRB090328 B 11.7+q-^ 11.7+°i 



GRB090510 BP 7.3'^°-^ 5.9 + °-^ 1.41+°-|° 

GRB090902B BP 343.6 + 2JJ 259.2 + 2'| 84.46 + |™ 

GRB090926A BC 242. + 1^ 199. 1 + g'^ ^^■"It'ei 

GRB091003 B 9.9+55-3 ^-^^0 3 

„+o:4 +0:4 

-0.3 ^'^-0.3 
,5+1.2 

,+2:s .,,+9.8 ,,,, + 4.25 



GRB091208B B 3.02;„', 3.0 

GRB100414A CP 
GRB11G731A B BP 71 



-8.3 -6.03 



77 



Table 14 
Systematic Uncertainties 



A: CATALOG B; Pass? ^ ^ C: DIFF ^ ^ D: DIFF-F ^ ^ E: DIFF-B 



00 



080825C 


Flux (xlO"^ m 






20 ± 10 


27 ± 10 


-0.5 


<20 




<70 










Spectral idx . . . 






-3.3 ± 0.7 


-3.1 ± 0.6 


-0.2 
















Temporal idx . . 


























Log. err. (deg. ) 







0.77 


0.85 


-0.08 


0.77 


0.01 


0.85 


-0.08 


1.65 


-0.87 


080916C 


Flux {Xl0~^ m 






82 ± 7 


84 ± 7 


-0.2 


100 ± 10 


-1.5 


100 ± 20 


-0.8 


90 ± 20 


-0.4 




Spectral idx . . . 






-2.13 ± 0.08 


-2.21 ± 0.08 


0.7 


-2.2 ± 0.1 


0.5 


-2.2 ± 0.2 


0.3 


-2.2 ± 0.1 


0.5 




Temporal idx 






1.8 ± 0.3 


1.26 ± 0.07 


1.8 


1.28 ± O.OS 


1.7 


1.4 ± 0.1 


1.3 


1.3 ± 0.1 


1.6 




Loc. err. (dog.) 







0.07 


0.07 


-0.00 


0.07 


-0.00 


0.10 


-0.03 


0.08 


-0.01 


081006 


Flux (Xl0~^ m 




^) 


24 ± 9 


20 ± S 


0.3 


30 ± 20 


-0.3 


40 ± 30 


-0.5 


<50 






Spectral idx . . . 






— 2.4 ± 0.5 


— 2.2 ± 0.4 


-0.3 


— 3.2 ± 0.9 


0.8 


— 2.7 ± 0.8 


0.3 








Temporal idx 


























Loc. err. (dcg.J 






0.51 


0.44 


0.08 


0.49 


0.03 


0.53 


-0.02 


0.62 


-0.10 


081024B 


Flux (X1Q~^ m 




^) 


260 ± 100 


190 ± SO 


0.5 


200 ± 200 


0.3 


500 ± 300 


-0.8 








Spectral idx . . . 






-2.0 ± 0.4 


-1.8 ± 0.3 


-0.4 


-2.5 ± 0.7 


0.6 


-2.5 ± 0.7 


0.6 








Temporal idx . . 


























Loc. err. (deg ) 






0.29 


0.21 


0.07 


0.32 


-0.03 


0.29 


-0.00 


1.65 


-1.36 


090217 


Flux ( X 10~^ m 




11 ± 3 


13 ± 3 


-0.5 


10 ± 5 


0.2 


20 ± 10 


-0.9 


<10 






Spectral idx . . . 






-2.5 ± 0.4 


-2.5 ± 0.3 


0.0 


-2.4 ± 0.4 


-0.2 


-2.6 ± 0.5 


0.2 








Temporal idx . . 








1.1 ± 0.2 


-1.1 
















Loc. err. (deg ') 




^) 


0.35 


0.32 


0.03 


0.31 


0.04 


0.39 


-0.04 


0.80 


-0.44 


090227B 


Flux (X 10~^ m 




500 ± 300 


500 ± 300 


0.0 


<2000 








<2000 






Spectral idx . . . 






-3 ± 1 


-2.8 zt 0.8 


-0.2 
















Temporal idx . . 


























Loc. err. (deg ) 
























090323 


Flux (Xl0~^ m 




^) 


6 ± 2 


4 ± 1 


0.9 


<6 




<6 




<9 






Spectral idx . . . 






-3.1 ± 0.5 


-2.8 ± 0.5 


-0.4 


-2.7 ± 0.6 


-0.5 












Temporal idx . . 






0.9 ± 0.3 


0.8 ± 0.1 


0.3 


0.8 ± 0.2 


0.3 












Loc. err. (deg.) 







0.10 


0.10 


-0.00 


0.10 


0.00 


0.08 


0.02 


0.30 


-0.20 


090510 


Flux (Xl0~^ m 




^) 


1800 ± 300 


2000 ± 300 


-0.5 


2100 ± 500 


-0.5 


2200 ± 700 


-0.5 


2000 ± 700 


-0.3 




Spectral idx . . . 






-1.7 ± 0.1 


-1.8 ± 0.1 


0.7 


-1.8 ± 0.2 


0.4 


-1.8 ± 0.2 


0.4 


-1.9 ± 0.2 


0.9 




Temporal idx 






1.1 ± 0.1 


1.29 ± 0.09 


-1.4 


1.3 ± 0.1 


-1.4 


1.42 ± 0.08 


-2.5 


1.9 ± 0.2 


-3.6 




Loc. err. (dcg.J 






0.04 


0.04 


0.00 


0.06 


-0.02 


0.07 


-0.02 


0.12 


-0.08 


090720B 


Flux (X1Q~^ m 


-2b- 


^) 


10 ± 10 


30 ± 10 


-1.4 


<60 




<100 










Spectral idx . . . 






-1.7 ± 0.5 


-2.1 ± 0.5 


0.6 
















Temporal idx . . 


























Loc. err. (deg.) 







0.33 


0.30 


0.04 


1.02 


-0.69 


1.02 


-0.69 




0.33 


090902B 


Flux (Xl0~^ m 


-2b- 


^) 


260 ± 20 


280 ± 20 


-0.7 


220 ± 30 


1.1 


220 ± 40 


0.9 


220 ± 40 


0.9 




Spectral idx . . . 






-1.96 ± 0.07 


-1.93 ± 0.06 


-0.3 


-2.0 ± 0.1 


0.3 


-1.9 ± 0.1 


-0.5 


-2.0 ± 0.1 


0.3 




Temporal idx 






1.4 ± 0.1 


1.1 ± 0.1 


2.1 


1.4 ± 0.1 


0.0 


1.1 ± 0.2 


1.3 


1.37 ± 0.09 


0.2 




Loc. err. (deg ) 






0.04 


0.06 


-0.02 


0.04 


0.00 


0.04 


-0.00 


0.11 


-0.08 


090926A 


Flux (X 10~^ m 


-2b- 


^) 


350 ± 30 


390 ± 30 


-0.9 


400 ± 50 


-0.9 


420 ± 90 


-0.7 


380 ± 70 


-0.4 




Spectral idx . . . 






-2.29 ± 0.09 


-2.36 ± 0.09 


0.5 


-2.4 ± 0.1 


O.S 


-2.6 ± 0.2 


1.4 


-2.3 ± 0.2 


0.0 




Temporal idx . . 






1.1 ± 0.1 


1.2 ± 0.2 


-0.4 


1.4 ± 0.1 


-2.1 


1.4 ± 0.1 


-2.1 


1.2 ± 0.2 


-0.4 




Loc. err. (deg.) 







0.04 


0.04 


0.00 


0.04 


-0.00 


0.04 


-0.00 


0.20 


-0.15 


091003 


Flux (Xl0~^ m 


-2s- 


^) 


6 ± 3 


6 ± 3 


0.0 


6 ± 3 


0.0 


9 ± 6 


-0.4 


<20 






Spectral idx . . . 






-2.0 ± 0.4 


-2.0 ± 0.4 


0.0 


-1.8 ± 0.4 


-0.4 


-2.0 ± 0.5 


0.0 








Temporal idx 






1.0 ± 0.2 


0.8 ± 0.2 


0.7 


0.9 ± 0.2 


0.4 












Loc. err. (deg.) 







0.15 


0.15 


0.00 


0.15 


0.00 


0.15 


-0.00 


0.55 


-0.40 


091208B 


Flux (xlQ~^ m 


-2s- 


^) 


9 ± 5 


<20 




<30 








<50 






Spectral idx . . . 






-1.9 ± 0.5 




















Temporal idx . . 


























Loc. err. (deg.) 







0.88 




0.88 




O.SS 




0.88 




O.SS 


100116A 


Flux (X10~^ m 


-2b- 


^) 


S ± 4 


<10 




<10 




<20 










Spectral idx . . . 






-2.9 ± 0.7 




















Temporal idx . . 


























Loc. err. (deg.) 







0.17 


0.18 


-0.02 


0.06 


0.10 


0.04 


0.12 


1.21 


-1.05 


100325A 


Flux (Xl0~^ m 


-2s- 


^) 


11 ± 6 


10 ± 5 


0.1 


14 ± 9 


-0.3 


<40 




<60 






Spectral idx . . . 






-1.9 ± 0.4 


-2.0 ± 0.5 


0.2 


-2.0 ± 0.5 


0.2 












Temporal idx 


























Loc. err. (deg ) 






0.60 


0.54 


0.06 


0.61 


-0.02 


0.67 


-0.07 


0.73 


-0.13 


100414 A 


Flux (Xl0~^ m 


-2s- 


^) 


40 ± 20 


40 ± 20 


0.0 


<S0 








<100 






Spectral idx . . . 






-2.7 ± 0.6 


-2.9 ± 0.6 


0.2 
















Temporal idx 






1.1 ± 0.4 


1.4 ± 0.4 


-0.5 


1.2 ± 0.7 


-0.1 












Loc. err. (deg.) 






0.12 


0.12 


0.00 


0.12 


0.00 


0.13 


-0.01 


0.28 


-0.17 


100620A 


Flux (Xl0~^ m 


-2s- 


^) 


<5 


<6 




<6 




<10 










Spectral idx . . . 






-2.5 ± 0.6 


-2.5 ± 0.6 


0.0 


-4 ± 1 


1.3 


-4 ± 1 


1.3 








Temporal idx . . 


























Loc. err. (deg.) 






0.71 


0.72 


-0.01 


o.so 


-0.09 


1.00 


-0.28 




0.71 


100724B 


Flux (X1Q~^ m 


-2b- 


^) 


10 ± 2 


9 ± 2 


0.4 


<4 




<8 




<4 






Spectral idx . . . 






-5.0 ± 0.9 


-5.3 ± 1.0 


0.2 
















Temporal idx 








0.9 ± 0.1 


-0.9 
















Loc. err. (deg.) 






1.03 


1.19 


-0.17 


1.56 


-0.54 


1.50 


-0.48 




1.03 


110120A 


Flux (Xl0~^ m 


-2b- 


^) 


<8 


<6 




<9 




<10 




<9 












-2.4 ± 0.6 



















Table 14 — Continued 





A: CATALOG 


B: Pass? 


A-B 


C: DIFF 




D: DIFF-F 


A-r> 


E: DIFF-B 


A-E 


/ 2 1 2 


n/'a+'c 







Temporal idx 





Loc. err. (dcg 1 




0.35 


0.27 


0.08 


0.24 


0.11 


0.24 


0.11 




0.35 


110709 A 


Flux ( X 10^^ m 
Spectral idx . . . 
Temporal idx 


-2.-1) 


11 ± 5 
-3.9 ± 0.9 


11 ± 4 
-2.7 ± 0.6 


0.0 
-1.1 


<8 




<20 




<10 






Loc. err. (deg. ) 




1.39 


0.60 


0.79 




1.39 




1.39 




1.39 


110721A 


Flux {X10~^ m 




21 ± 5 


22 ± 5 


-0.1 


30 ± 10 


-0.8 


<20 




40 ± 20 


-0.9 




Spectral idx . . . 




-2.5 ± 0.3 


-2.2 ± 0.2 


-0.8 


-2.9 ± 0.5 


0.7 






-2.9 ± 0.6 


0.6 




Temporal idx . . 






1.00 ± 0.10 


-1.0 
















Loc. err. (deg. ) 


-2.-1) 


0.53 


0.11 


0.41 


0.56 


-0.03 


0.91 


-0.38 


0.72 


-0.20 


110731A 


Flux (X 10~^ m 


110 ± 20 


100 ± 20 


0.4 


100 ± 20 


0.4 


70 ± 30 


1.1 


130 ± 40 


-0.4 




Spectral idx . . . 




-2.6 ± 0.2 


-2.5 ± 0.2 


-0.4 


-2.4 ± 0.3 


-0.6 


-2.5 ± 0.5 


-0.2 


-2.4 ± 0.3 


-0.6 




Temporal idx 




1.5 ± 0.2 


1.1 ± 0.2 


1.4 


2.3 ± 0.3 


-2.2 


1.8 ± 0.3 


-0.8 








Loc. err. (dcg. } 




0.19 


0.48 


-0.29 


0.11 


0.08 


0.12 


0.08 


0.42 


-0.22 
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A. Systematic Errors 

In this appendix we report possible sources 
of systematic uncertainties in our results and 
how we estimate or ameliorate them. 

The most important source of systematic 
errors arises from potentially inaccurate de- 
scriptions of the responses of the GBM and 
the LAT. The parametrization of the response 
of the LAT to incident 7 rays is tabulated in 
instrument response functions (IRFs), pro- 
duced using Monte Carlo simulations and 
subsequently refined based on in-flight data. 
Even though the results of these simulations 
have been verified extensively against flight 
data a nd also pre- l aunch using calibrated 
sources Abdo et al. 1 ()2009hl) . any imperfec- 



tions in the simulation model or in the sim- 
ulation procedure can propagate in the IRFs 
affecting all our results. 

Additionally, any relative calibration er- 
rors between the GBM and the LAT and any 
errors in the description of the response of the 
GBM can affect joint spectral fits, manifest- 
ing as distortions in the spectral shapes and 
biases in the measured parameters. 

Finally, the results of joint spectral fits also 
can be affected by the motion of the GRB 
in the instruments' fields of view which cre- 
ates variations of their responses over time. 
These effects are minimized by producing re- 
sponse matrices that accurately describe the 
response of the instruments at any instant of 
the observation (see § 13. 4p . 

Another source of systematic uncertainty 
is the background estimates. For Transient- 
class events, background estimation is per- 
formed using a procedure that has an esti- 
mated systematic uncertainty of 10-15% and 
negligible statistical errors (as described in 
§ EXT]). For LLE and GBM data the back- 
grounds are estimated using interpolations of 
the event rate before and after the burst, a 
procedure the uncertainty of which primarily 
arises from limited statistics and is estimated 
to be ~10% for LLE and less for the GBM 



data. For observations involving large vari- 
ations of the instrument's pointing (e.g., in 
ARRs) or observations of locations near the 
Earth's limb, the systematic errors can in- 
crease possibly up to the magnitude of the 
statistical errors. Any mis-estimations of the 
LAT backgrounds can affect the final results, 
especially those for longer time scales such 
as duration estimates. The maximum like- 
lihood analyses are not particularly sensitive 
to errors in the background estimates since 
the background level is a loosely-constrained 
parameter in the fitting; thus any systematic 
errors are partially "fit out" . 

In order to evaluate the impact of the 
above uncertainties on the maximum likeli- 
hood analysis results, we have repeated the 
analysis using different sets of cuts. The mag- 
nitude of the difference between the results 
obtained with these alternative data sets and 
the standard one can be used as an order-of- 
magnitude estimate of the systematic uncer- 
tainties in our (standard) results. 

First, we have repeated the maximum- 
likelihood analysis using Diffuse-class events 
("Pass 6 V7 Diffuse Class"), adopting the 
standard isotropic template available at the 
FSSC sittl^ as the representation of the non- 
rejected charged particle background. Be- 
cause the Diffuse class has significantly less 
background contamination than Transient 
class, any uncertainties in the background 
estimates are minimal. Thus a comparison 
against this set of results can reveal the un- 
certainties arising from any inaccuracy in the 
background estimates for our standard set of 
results. Furthermore, because the two analy- 
ses employ different sets of IRFs this test is 
also sensitive to systematics of the IRFs in 
general. 

We continued by splitting the Diffuse-class 
data sample into two independent data sets 
depending on which portion of the tracker 
each event was converted (front versus back) . 



^ ^ferml .gsfc .nasa.gov/ssc/data/access/lat/BackgroiindModels .html I 
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Fig. 33. — Comparison between our standard results produced with the "Pass6 V3 Transient" set 
of cuts, versus the results obtained with the more recent "Pass7 V6 Transient" set of cuts. From 
top left and clockwise: LAT Tgo, Fluence in the 100 MeV~10 GeV energy range during the "LAT" 
time interval, index of the power law temporal decay, and photon index of the emission detected 
by the LAT. 



Events produced by photons converting in the 
first 12 layers of the tracker ("front") suffer 
on-average less multiple scattering than those 
converting at the next 4 layers of the tracker 
("back") since the front layers have thinner 
converter foils (see 21 for a description of 
the instrument). The decreased magnitude 
of multiple scattering for front-converting 
events provides significantly better angular 
resolution. In addition, the front-converting 
events have a significantly smaller fraction 
of their energy measured by the calorimeter 
than back-converting events, which results to 



lower-energy (< few GeV) front-converting 
events being reconstructed with a worse en- 
ergy resolution than back-converting events. 
A comparison against this sample can be sen- 
sitive to systematics of the IRFs associated 
to the particular properties of front- versus 
back-converted events. 

Finally, we repeated the analysis using a 
more recent iteration of the set of event se- 
lection cuts for the LAT data, specifically the 
"Pass 7 Transient V6" selection, which bene- 
fits from more robust and accurate classifica- 
tion algorithms and increased refinement us- 
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ing flight data. Again, a comparison of our 
results from this data set can reveal differ- 
ences affecting any parts of the IRFs. 

We refer to the standard configuration as 
"CATALOG" , to the Diffuse class as "DIFF" , 
to the front and back as "DIFF:F" and 
"DIFF:B" respectively, and to the "Pass 7 
Transient V6" as "Pass?" . Table [H summa- 
rizes the results of the above tests, quoting 
for each analysis the photon flux, spectral in- 
dex, index of the temporal-decay power law 
along with their statistical errors, and the 
estimated localization error. We also report 
the absolute difference between the CATA- 
LOG and each of the test configurations. In 
Fig. [33] we compare the results between the 
Pass? and CATALOG results. The quantities 
compared (from top left and clockwise) are 
the LAT T90, the Fluence in the 100 MeV- 
10 GeV energy range during the "LAT" time 
interval, the index of the power-law temporal 
decay, and the photon index of the emission 
detected by the LAT. As can be seen, there 
are no discernible differences within errors. 

We also estimated the error in the local- 
izations obtained with the LAT. For 13 of the 
GRBs locahzed by the LAT, a Swift XRT po- 
sition is also available. For those cases, we 
calculated the quantity p = which is the 
ratio between the angular separation {5) be- 
tween the LAT and the XRT position over 
the estimated LAT Icr localization error e. In 
Figi34l we plot the cumulative distribution of 
the number of GRBs with p. The number of 
GRBs in this sample is very limited, and thus 
we cannot draw any firm conclusions, but we 
note that, as expected, the 68% quantilc of 
the distribution is consistent with the 68% (or 
la) estimated error. 

To estimate the effects arising from rela- 
tive mis-calibrations between the GBM and 
the LAT in the joint-spectral fit results, we in- 
troduced a flux normalization factor for each 
detector, letting all but one such factor be 
free to vary during the fit. This is basically 
equivalent to a rigid effective area correction 



across the whole bandpass of each instrument, 
relative to one detector chosen as reference 
(we chose the LAT). This procedure could 
give spurious results if the model used for 
the fit contains localized features or compo- 
nents, which is not the case for the models 
we used. Wc introduced these factors for 
the brightest GRBs of our sample: GRBs 
080916C, 090323, 090328, 090510, 090902B, 
090926A, 100?24B, 100826A, 100414A, and 
110?31A. For aU other GRBs, the factors were 
effectively unconstrained by the fit, because 
the inter-calibration systematic errors were 
small compared to the statistical errors or be- 
cause the systematic errors were dominated 
by other components. The resulting correc- 
tion was less than 5% for Nal detectors, and 
less than 15% for BGO detectors. According 
to these initial tests, relative inter-calibration 
uncertainties arc important only in the case of 
bright GRBs, for which statistical errors are 
small. 




p=5/i; 



Fig. 34. — Cumulative distribution of the 
number of GRBs (with good X-ray localiza- 
tion) over some p, defined as the ratio be- 
tween the angular separation of the best LAT 
localization and the X-ray position over the 
la statistical error of the LAT localization. 
The vertical band highlights the range where 
the cumulative distribution reaches the 68% 
level. 

We also tested our GBM background es- 
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timation procedure. We first considered real 
spectra from time intervals well outside any 
GRB emission. For each of these intervals 
I fake, the actually observed spectrum was 
compared with the spectrum predicted by 
a background model obtained from the fit 
of two intervals surrounding I fake, obtained 
with the procedure described in § 13.1.21 We 
selected a couple of GRBs, and we defined 
different background models by selecting dif- 
ferent time intervals around the GRB times. 
These validation studies showed that the pro- 
cedure has, under normal circumstances, a 
systematic error of ~ 3%, which we have 
added to all of our predicted background spec- 
tra. 
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B. Fermi LAT Gamma- Ray Bursts 

In this appendix wc give detailed information on individual LAT-detected GRBs. We summarize 
the information previously published in refereed papers and GCN circulars. We also include figures 
showing the GBM/LAT composite light curves as well as, when possible, the results of the LAT 
time-resolved spectral analyses. 

B.l. Conventions and Styles for Figures 

Each composite light curve consists of either 4 or 5 panels, showing the emission (in counts) 
recorded by the GBM Nal's (first two panels from the top), by the GBM BGO (third panel), by the 
LAT within the LLE event selection (fourth panel) and, if any, the selected LAT Transient-class 
events above 100 MeV (bottom panel). 

• The GBM Nal light curves were obtained by summing all the Nal detectors (typically 2 or 
3) for which the GRB position was within 50° from the detector normal pointing axis. We 
also selected the BGO detector that faces the burst. We used GBM TTE data and selected 
the channels corresponding to the energy ranges of 8-20 keV and 20-250 keV for the Nal 
detectors, and 0.2-5 MeV for the BGO detector. 

• The LLE light curve corresponds to the selection cuts discussed in § 12.1.11 which were ap- 
plied to LAT events with energies above 10 MeV. As the gamma-ray signal in the LAT is 
proportional to the LAT effective area, it depends strongly on the GRB off-axis angle (and 
spectrum) at any time. In order to reflect the amplitude of this modulation, the grey curve 
displayed in the LLE panel shows the cos[6'(t)] function (ranging from to 1 over the full 
extent of the panel) . 

• In the last light curve, we selected the LAT Transient-class events in a 12° ROI which have 
a reconstructed energy above 100 MeV. We represent, as filled circles, the events which also 
have a probability >0.9 of being associated with the GRB (see S I3.2.3|) . 

• In each panel, vertical dashed lines indicate the GBM trigger time (in red, at T=0), the GBM 
To5 and the GBM Tg.g (both in green). Other lines indicate the time of the LAT highest- 
energy event associated with the GRB within the GBM Tgg (in magenta, from Table [6]) and 
during the LAT emission (in blue, from Table [5]). If the two events are identical, then only 
the blue line is displayed. 

When possible, we add a figure for the >100 MeV fiux light curve, showing how the temporally 
extended emission develops and then decays as a function of time F{t). 

• The GBM T95 is indicated by a vertical red dashed line. 

• For each time bin where the GRB was significantly detected (i.e. TS>16, see step 2 in §[33]), 
we also show the value of the photon index (we use here the convention N{E) oc where N 
is the fitted photon flux and /3 is typically negative). 

• For the bins with no detection, we fixed the power-law index to /3=-2.0 and then report the 
value of the flux upper limit. 
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• When the statistics are large enough, we give the decay indices from the fit F{t) oc t^" of a 
power-law (starting from the latest time between the peak flux time tp and the time of the 
GBM T95) and of a broken power law (starting from tp). If a significant break is found in 
the latter fit, the broken power law is displayed as a filled grey line and the power law as a 
dashed grey line. The line styles are reversed in the opposite case. 

In two cases (GRBs 090323 and 090328) where the ARR maneuver caused a particularly bright 
increase of the background during the GBM prompt emission we also show the LLE light curve and 
the relative background estimation. 



B.2. GRB080825C 

The long GRB 080825 C triggered the GBM flight software at To=14:I3:48 UT on 25 August 
2008 (trigger 241366429. Ivan der Horst fc ConnaughtonI [2008h . Ahhough this faint burst had an 
off-axis angle of 60?3 at the trigger time, where the effective area is a factor ^3 less than on axis, 
the LAT detected it significantly and the LAT preliminary localization was delivered via GCN 
(jBouvier et al.ll2008| ). with a statistical e r ror of 0?95. A detailed analysis was published by the 
Fermi LAT collaboration in lAbdo et al.l (|2009d( ). The composite light curve (Fig. I55|) shows a 
multi-peak structure in the GBM signal, while the number of counts is not large enough at high 
energy to study the temporal profile in details. The LAT emission, especially above 100 MeV, seems 
to coincide with the second bright pulse in the GBM. The high-energy emission is also clearly visible 
at later times, and the highest-energy event (0.57 GeV) is detected at To-l~28.29 s, i.e. after the 
end of the GBM emission. However, as the temporally extended high-energy emission is faint, the 
LAT time-resolved likelihood analysis returned a significant flux in two time bins only (Fig. I36p . 

Note that an LLE light curve of GRB 080825C was reported in the paper on GRB 090217 pub- 
lished by the Fermi LAT collaboration (jAckermann et al.ll2010al ). which indicated a ~5cr signal 
after integration over the first s, slowly increasing to ^9a after ^^30 s. We could not confirm 
this signal excess in LLE data as our analysis is based on a different detection algorithm, which is 
not tuned to slowly accumulating signals. This algorithm is mostly sensitive to the short variability 
time scales as it looks for the highest-significant excess among all considered time bins in the LLE 
light curve (see § I3.3.ip . A 3.2tT post-trial significance (4.2(t pre-trial) was found, thus no LLE 
results are reported for this burst in the catalog. 
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Fig. 35. — Composite light curve for GRB 080825C: summed GBM/Nal detectors (first two panels). 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 36.— Likelihood light curve for GRB 080825C (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.3. GRB080916C 



The long, briRht GRB 080916C triggered the GBM at To=:00:12:46 UT on 16 September 2008 
(trigger 243216766. iGoldstein fc van der Horstll2008( ). This burst would have been bright enough 
to trigger an ARR of the Fermi spacecraft, but the repointing capability of the spacecraft was 
enabled only a few weeks later, on 8 October 2008. GRB080916C was easily detected by the 
LAT, which delivered a localization via GCN ( Taiima et al. 2008[) . with a statistical error of 
0?09. It had an off-axis angle of 4898 at the trigger time and it exited the FoV of the LAT after 
'■ ^3000 s. Swift Targ et of Opportunity (TOO) observations started ~17 hours after the trigger time 
(jStratta et al.ll2008[). A possible X-ray counterpart was found by Swift-XRT 3.1 arcmin away from 
the LAT position (|Kenneall2008l ) , and further observations confirmed the existence of a fading source 
( Perri et al.ll2008h . Follow-up observations with the Gamma- Ray burs t Optical/Near-infra red De- 
tector (GROND) yielded a high photometric redshift of z=4.35±0.15 ( Greiner et al. 20091 ) which, 
combined with its brightness, makes GRB 080916C the most energetic burst ever detected, with an 
isotropic equivalent energy Ejso — 6.5 x 10^^ erg (1 keV-10 GeV, within the GBM Tgo). 



The LAT emission peaked '^5 s after the trigger time, coinciding with the second GBM bright 
pulse fFig. |37)) . Approximately 180 Transient-class events are recorded above 100 MeV within the 
LAT T9o^210 S; including many GeV events. The highest-energy event (13.22 GeV), which is 
detected at To-l-16.54 s, does not coincide with any notic eable feature in the GBM light curve. In 
the first paper published by the Fermi LAT collaboration (jAbdo et al.ll20093) . the prompt emission 
spectrum of GRB080916C was fitted over six decades in energy by the empirical Band function. 
This previous analysis also searched for possible deviations from the Band function, and did not 
provide any evidence for a deficit or a signal excess at the highest energies in the LAT. In particular, 
the significance for an additional power-law component was found to be small, ^2(t. We repeated 
the analysis and found that an additional power law is actually required (4-5cr, sec § I4.4.ip . It 
is worth stressing the improvements which have been brought to the analysis procedure since the 
first post-launch GRB studies and which support this new result. First of all, we now use the 
Background Estimator tool (see § I3.1.ip which provides a much more accurate description of the 
backgrounds in the spectral fits. In addition, we benefit from a better calibration of both the GBM 
and the LAT instruments. Finally, we base our assessment of the significance of any new spectral 
feature on dedicated and extended Monte-Carlo simulations. These improvements, along with a 
new choice of the time intervals (based on our estimates for the durations of the emission in the 
GBM and the LAT) as well as a different spectral shape, also explain the differences in our results 
(Tables [TT] and [T^ with respect to the original publication. 

The high-energy emission of GRB 080916C lasts much longer than the GBM estimated duration. 
The LAT time-resolved likelihood analysis resulted in a well sampled light curve of the high-energy 
fiux up to '^560 s (Fig. [38]). Its first point suggests that the spectrum is significantly softer than 
the LAT emission at later times, where the photon index fiuctuates consistently around /3~-2. The 
decay of the fiux as a function of time follows a simple power law starting from the GBM Tgs, with 
a decay index q;=1.78±0.33. This steep decay is similar to the first part of the decay observed in 
GRBs 090510, 090902B and 090926A (Table for which a significant break was found in the fiux 
light curve. This suggests that GRB080916C was observed during the transition from the prompt 
phase to the afterglow phase as discussed in § 16.21 
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Fig. 37. — Composite light curve for GRB 080916C: summed GBM/Nal detectors (first two panels). 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 



99 



s: 10"' 



r 1 


1 1 ."'1 1 1 

a=i.78±0.33 : 




a,= 1.19+0.13 n 
""^ aj= 11.76+0.29 : 

i 




;\i 






' 


1 1 --I 1 ■ 



1 10 10' 

Time-Trigger [s] 




Time-Trigger [s] 



Fig. 38.~ Likelihood light curve for GRB080916C (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.4. GRB 081006 



The lon g GRB 081006 trigge red the GEM at To=14:29:34 UT on 6 October 2008 (trigger 



244996175. Ivan der Horst 1 120081 ) . It was a faint burst, both in the GEM and in the LAT (de- 



spite an initial off- axis angle of 11°). No significant emission was detected in the LLE hght curve 
(Fig. despite a 2.7cr fluctuation observed shortly after the trigger time. More interestingly, 
this burst was detected and localized by the LAT likelihood analysis using Transient-class events 
above 100 MeV, with a maximum TS~72 (see Table S]). Taking into account uncertainties in the 
calculation of the LAT Tgo, the high-energy emission could be simultaneous with the low-energy 
emission (i.e. happening on very similar time scales) or it could last much longer as a significant 
signal excess is detected above the estimated background up to ~To-|-115 s. This time corresponds 
to the entrance of the LAT in the South Atlantic Anomaly, and was thus reported as a lower limit 
to the duration in Table [3l In spite of this hint for a temporally extended high-energy emission, the 
LAT likelihood analysis did not find any significant signal in the "EXT" time interval, and could 
not provide good time- resolved spectral measurements (Fig. |40|) . 
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Fig. 39. — Composite light curve for GRB 081006: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 40.— Likelihood light curve for GRB 081006 (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on Unes and symbols. 
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B.5. GRB081024B 



GRB 081024B triggered th e GEM at To=21:22:41 UT on 24 October 2008 (trigger 246576161, 



Connaughton fc Briggsll2008f ) and it was t he first LAT d etection of a short burst. The LAT prelim- 



inary localization was delivered via GCN (jOmodeill2008[ ). with a statistical error of 0?16. Follow-up 
observations by Swift and ground-based te lescopes did not find any conclusive evidence for an af- 



terglow counterpart (jGuidorzi et al.M2008() . Historically, GRB081024B repres ents the first clear 
detection of a tem porally extended emission from a short GRB at GcV energies (lAbdo et al.ll2010b : 
Corsi et alJboiOl ). Whereas the low-energy emission observed by the GBM lasts '^0.5 s, the high- 
energy emission is visible up to ^3 s after the trigger time (Fig. l4l]) . The highest-energy event 
(3.07 GeV) is detected at To-l-0.49 s, i.e. very close in time to the end of the GBM emission. A 
LAT Tgo could not be derived due to the small number of Transient-class events above 100 MeV, 
however the LLE duration (~2.3 s) indicates a significantly longer duration of the LAT emission 
at tens-of-McV energies. Due to the low photon statistics, the LAT likelihood analysis did not find 
any significant signal in the "EXT" interval, and could not provide good time-resolved spectral 
measurements fFig. H^ . 
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Fig. 41. — Composite light curve for GRB 081024B: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 42.— Likelihood light curve for GRB081024B (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.6. GRB 090217 



The long G RB 090217 tr i ggered the GBM at To=04:56:42.56 UT on 17 February 2009 (trig- 



ger 256539404, von KienlinI 2009al ). The LAT preliminary localization was delivered via GCN 
(jOhno et al.ll2009bl ). with a statistical error of 0?36. A detailed analysis was published by the 



Fermi LAT collaboration in lAckermann et al.l (|2010al ). No X-ray counterpart was found in Swift 
TOO obser vations of the LAT preliminary localization that covered only the center of the LAT 
error circle (Godet 20091) . and therefore no redshift is available for this burst. GRB 090217 is a 
bright burst both in LLE and in LAT Transient-class data above 100 MeV. The LLE light curve 
shows a series of pulses coincident with the GBM emission (Fig. l43| . The highest-energy event 
(0.87 GeV) during this prompt emission is detected at To-l-14.83 s and is not associated with any 
noticeable structure of the GBM light curve. The LAT T95 =68^4q^ s is not accurate enough to 
conclude if the high-energy emission extends later than the low-energy emission (GBM Tgs ~35 s). 
The off-axis angle of GRB 090217 remained below 60° until To-I-500 s, but no additional signal was 
found and upper limits are reported up to 10 ks (Fig. |44| . 
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Fig. 43. — Composite light curve for GRB 090217: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 



108 




o -5 



10 1 10 10 10 

Time-Trigger [s] 




10"' 1 10 10' 10' 

Time-Trigger [s] 



Fig. 44.~ Likelihood light curve for GRB 090217 (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on Unes and symbols. 
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B.7. GRB090227B 



The sho rt GRB 090227 B triggered the GBM at To=18:31;01.41 UT on 27 February 2009 (trigger 
257452263. rGuiriecll2009at ). GRB 090227B had an initial off-axis angle of 71° from the LAT boresight 
and the ARR triggered by the GBM brought it down to ~20° after ~300 s. The triangulation of 
the burst by the Interplanetary Networ k (IPN) provided a position with a Scr error box area of 1.5 
square degrees ( Golenetskii et al. 2009() which we used in our analysis. The GBM hght curve of 
GRB 090227B consists of one single pulse which was also significantly detected in the LLE data, 
with comparable durations (Fig. A TS^30 was obtained by the LAT likelihood analysis based 
on the 3 Transient-class events recorded above 100 MeV during the GBM time window, thus the 
burst is included in the catalog. However, due to the position of the burst in the LAT FoV during 
the main emission, no LAT Tgo could be derived due to the paucity of events. We could also not 
improve upon the IPN localization as no reliable TS map could be obtained. For the same reason, 
no timc-rcsolvcd likelihood analysis could be performed with the LAT. 
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Fig. 45. — Composite light curve for GRB 090227B: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 



B.8. GRB 090323 



The long, bright GRB 090323 trigg ered the GBM at To=00:02:42.63 UT on 23 March 2009 



(trigger 259459364. lOhno et al.ll2009aD . It had an initial off-axis angle of 57?2, where the LAT 



effective area is low, but it triggered an ARR of the Fermi spacecraft which allowed the LAT t o 
detect its late emission phase and to localize it with a statistical error of 0?09 (|Ohno et al.ll2009ah . 
Specifically, GRB 090323 was detected by the LAT on-gound Automated Science Processing (ASP) 
which searches for LAT counterparts to known GRBs. Swift TOO observations started '^19.5 hours 
after the trigger ti me. A possible X-ray c ounterpart was found by S'wi/i-XRT 1.9 arcmin away from 



the LAT position (jKennea et al.ll2009a^ . and further observations confirmed the existence of a 



111 



fading source (jPerri fc Strattall2009t) . Follow-up observations of the X-ray afterglow with GROND 
in 7 bands sta rted '-^27 hours after t he trigger time, providi ng a preliminary photometric redshift 
of z=4.0±0.3 (jUpdike et al.ll2009ch . IChornock etaP (|2009[ ) reported a spectroscopic redshift of 
z=3.57 based on observations of the optical afterglow using the Gemini Multi-Object Spectrograph 
(GMOS) mounted on the Gemini South Telescope. Combined with its brightness, this makes 
GRB 090323 the second most energetic LAT-detected burst after GRB080916C, with an isotropic 
equivalent energy Ejso ~ 4.1 x lO'^'^ erg (1 keV-lO GeV, within the GB M Tgo). The burst was 
also detected in the radio band ( Harrison et al. I l2009l: Ivan der HorstI [200i). A dedic ated analysis of 
the ne ar-infrared and optical follow-up observations of GRB 090323 is presented in iMcB reen et al.l 
( 2010h . 

The GBM light curve of GRB 090323 consists of several pulses and lasts -150 s (Fig. 
The LLE light curve shows two bright long pulses which somehow coincide with two broad pulses 
observed in the GBM light curve. The ARR caused the GBM and LAT orientations to change very 
rapidly with time, requiring a careful evaluation of the instruments' responses and backgrounds 
as the spacecraft is slewing. In particular, the burst Zenith angle increased from 67° at Tg to 
84° at To-1-300 s, causing a rise in the LAT count rate due to the entrance of the Earth's limb in 
the instrument's FoV. As illustrated in Fig. |47l the analysis of LLE data accounts for this effect, 
following the background estimation method discussed in § 13.11 In the LAT likelihood analysis, we 
reduced the contamination from the Earth's limb by simply rejecting the time intervals in which 
the burst Zenith angle was larger than 105°. Indications of long-lasting high-energy emission are 
seen in the LAT Transient-class data where multi-GeV events were recorded well after the GBM 
emission, similarly to the 7.50 GcV event detected at To-l-195.42 s. The LAT T95=294t^^ s confirms 
the temporal extension of the high-energy emission, and the LAT time-resolved likelihood analysis 
returned a significant signal up to To-l-422 s, with a temporal decay index a=0.85±0.29 (Fig. |48|). 
GRB 090323 became occulted after ~570 s and, in the next orbit, the spacecraft entered the SAA 
only -^50 s after the burst exited occultation, thus only upper limits are reported at later times, up 
to -10 ks. 
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Fig. 46. — Composite light curve for GRB 090323: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 47. — Background estimation in the LLE light curve of GRB 090323. Gray and blue histograms 
are the count rates in the LAT detector for two different time binning. The dashed gray hne is the 
best fit background. 
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Fig. 48.— Likelihood light curve for GRB 090323 (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.9. GRB 090328 



The long bright GRB 090328 tr igKered the GEM at To=09:36.46 UT on 28 March 2009 (trigger 



259925808, 



McEnerv et"al]l2009bl ). GRB 090328 had an initial off-axis angle of 64?6 in the LAT 
and the ARR triggered by the GBM brought it down to ~ 10° after ~300 s. The LAT preliminary 



locahzation was delivered via GCN (iMcEnerv et alJl2009bl) with a statistical e rror of 0?11. Swift 
TOO observations started ~16 hours after the trigger time (jMarshall et al.ll2009). A possible X-ray 
counterpart was found by Swift-XRT ~10 arcmin away from th e LAT position ( Kcnncal 20091 ) . and 
further observations confirmed the existence of a fading so urce ( Rowlinson fc Page 20 09J. Observa - 
tions of a candidate optical afterglow were also reported by Kennea et al. J 2009b ) and Gated ( 200§) . 
More observations of t he afterglow were co nducted in the optical ( Allen et al.l 20091 ), in the opti- 
cal /N IR with GROND (jUpdike et al.ll2009al) . and in the radio band (jPrail et al.ll2009( ). ICenko et al" 



diooi) reported a spectroscopic redshift of z=0.736 based on observations of the optical afterglow 
using the GMOS spectrograph mounted on the Gemini South Telescope. A dedic ated analysis of 
the ne ar-infrared and optical follow-up observations of GRB 090328 is presented in iMcBreen et alJ 
(l2010h . 



The GBM light curve of GRB 090328 consists of several pulses and lasts -70 s (Fig. gH). The 
LLE light curve shows one single, long bright pulse which coincides with the second broad pulse 
observed in the GBM light curve. In addition, the first narrow spike in the GBM light curve has 
no LLE counterpart, indicating an initially soft spectrum. The ARR caused an increase in the 
background rate in the LLE light curve as the burst off-axis angle was decreasing (third panel of 
Fig. |49)) . Fig. [50l shows the results of the background estimation in the analysis of LLE data. 

In the preliminary analysis of LAT data, ICutini et all (|2009t ) reported that GRB 090328 high- 
energy emission lasted until ~900 s post trigger. Our analysis of the LAT Transient-class data 
above 100 MeV provided a LAT T95=653j;45'* s which confirms the temporal extension of the burst 
emission in the LAT. We could also confirm that the highest-energy events detected by the LAT 
which are spatially coincident with the burst position arrived hundreds of seconds after the trigger 
time. Multi-GeV events were recorded well after the GBM emission, in particular two 3.83 GeV 
and 5.32 GeV events detected at To-H264.42 s and To-f 697.80 s, respectively. Unlike GRB 090323, 
the ARR for GRB 090328 was excellent and started just after the burst exited occultation. During 
the next two orbits, observations were only interrupted by occultations, with no passage through 
the SAA. As a result, the LAT time-resolved likelihood analysis detected a significant signal up to 
To-l-1.78 ks, with a temporal decay index a=0.95±0.19 (Fig. [5T|). 
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Fig. 49. — Composite light curve for GRB 090328: suramed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 50. — Background estimation in the LLE light curve of GRB 090328401. Gray and blue 
histograms are the count rates in the LAT detector for two different time binning. The dashed gray 
line is the best fit background. 
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Fig. 51.— Likelihood light curve for GRB 090328 (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.IO. GRB 090510 



The short, bright GRB 090510 is the only burst detected so far by the L AT onboard flight sciftwar e 
(trigger 263607783). The LAT onboard locahzation was dehvered via GCN (jOhno fc Pelassall2009f ). 
with a statistical error of 7 arcmin. Combined with an initial off-axis angle of 13?6, GRB 090510 
caused an ex c eption ally bright emission in the LAT as reported in the follow-up analysis by 
O model et al. I (l2009l) . and it triggered an ARR of the Fermi sp acecraft. GRB 090510 was also sig- 



nifican tly (>5(t) detected by the AGILE-GRID above 100 MeV (ILongo et al.ll2009al: iGiul iani ct alj 
2010al) . At lower energies, GRB 090510 triggered both the Swift-BAT (iHoversten et al. 2009a. 



and the GBM (trigger 263607781, at To=00:22:59.97 UT on 10 May 2009. iGuiriec et al]i200E 
instruments. Both the Swift-XRT and GBM positions were consistent with the LAT onboard 
localization. Follow-up obs ervations of the candidate optical afterglow found by Swift-IJVOT 
( MarshaU fc Hoverstenll2009f) were con ducted with the Nord ic Optical Te l escop e (|Malesanill2009l ) 
and in the optical/NIR with GROND (jOlivares et al.ll2009bh . iRau et all (|2009l ) reported a spec- 
troscopic redshift of z=0.903±0.003 based on observations with the VLT/F0RS2 instrument. A 
dedicate d analysis of the near- infrared and optical follow-up observations of GRB 090510 is pre- 
sented in McBreen et al. ( 2010[ ). a nd analysis of the broadba nd observations including gamma-ray. 
X-ray, and optical are presented in lDe Pasauale et al. I (I2OIOI) . 

As shown in Fig. [52l the GBM triggered on a precursor in GRB 090510 light curve. The main 
emission in the GBM consists of several pulses, with a maximum at To-l-0.6 s and a duration of 
~0.6 s. The temporal structure of the LAT emission shows fast variability on timescales as short 
as 20 ms. The LLE light curve shows a series of short spikes coinciding with the GBM pulses and 
appearing on top of a smoother and longer single pulse. Two of the three LAT Transient-class 
events recorded above 100 MeV at the time of the precursor (between Tq to To-l-0.2 s) have high 
probabilities to be associated with the burst. The main emission in the LAT starts at To+0.6 s and 
lasts much longer than the GBM estimated duration, with 180 Transient-class events recorded above 
100 MeV within the LAT T9o^45 s (sec Tabled]), many GcV events are recorded during and well 
after the GBM emission, similarly to the 31.31 GeV event detected a To-l-0.83 s in coincidence with a 
short bright spike in the GBM light curve. This photon candidate has been used by the Fermi LAT 
collaboration to set the best lower limit on the energy scale at which postulated quantum-gravity 
effects create violations of Lorentz invariance, disfavoring models which predict a linear variation 
of the speed of ligh t with photon energy below the Planck energy scale i?pianck=l-22xl0^^ GeV 



( Abdo et al. l l2009bh 



In t he time-resolved spectral analysis published by the Fermi LAT collaboration ijAckermann et al 



2010bh . the prompt emission spectrum of GRB 090510 was fitted over more than six decades in 



energy by the combination of the empirical Band function with a high-energy power law. The hard 
power law is detected from the onset of the main emission in the LAT, and it dominates the Band 
function not only at high energy but also below '-^20 keV. Our GBM-LAT joint spectral analysis 
in the GBM time window confirms these results, yielding a peak energy Ep^3.6 MeV for the Band 
function and a spectral slope of 1.60±0.04 for the additional power-law component. The total 
isotropic equivalent energy is (7.3 ± 0.3) x 10^^ erg (1 keV-10 GeV, within the GBM T90). 

The LAT time-resolved likelihood analysis resulted in a well sampled light curve of the high- 
energy flux up to To-l-178 s (Fig. [53]). No signiflcant spectral evolution was detected. The decay 
of the flux as a function of time can be fitted with a simple power law starting from the GBM 
T95, with a decay index a=1.82±0.17 somewhat steeper than the index of 1.38±0.07 reported in 



De Pasauale et al. ( 2010l ). However, the fit of the flux light curve with a broken power law from the 
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peak flux time ip=To+0.9 s up to To+'~8 ks (including flux upper limits after To+178 s) returned a 
significant break at th=7.0±1.5 s, along with a steeper initial decay (ai=2.21±0.27) and a smoother 
decay (a2=1.13±0.12) at later times. 
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Fig. 52. — Composite light curve for GRB 090510: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 53.— Likelihood light curve for GRB 090510 (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 



B.ll. GRB090531B 



The sho rt GRB 090531B triggered the GBM at To=18:35:56.49 U T on 31 May 2009 (tr igger 
265487758. lGuiriec 2009hl. a nd it was also detected by the Swift-BAT (jCummings et al.ll2009l ) and 
Swift-XRT (ISbarufatti etal1l2009l) instruments It is a relatively faint burst, both in the GBM and 
in the LAT (despite an initial off-axis angle of 21?9). Only a few LAT Transient-class events above 
100 MeV are compatible with the Swift localization, therefore no significant emission was found in 
the likelihood analysis. GRB090531B was detected in the LLE data only, and the LLE light curve 
shows a significant signal excess which is temporally coincident with the first pulse detected by the 
Nal and BGO detectors (Fig.[5l|. 
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Fig. 54. — Composite light curve for GRB 090531B: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 



B.12. GRB 090626 

The lon g GRB 090626 trig gered the GBM at To=04:32:08.88 UT on 26 June 2009 (trigger 
267683530, von Kienlin|[2009bf) . It was also detected by the LAT on-gound ASP which searches for 
LAT counterparts to known GRBs, and the LAT preliminary localization was delivered via GCN 
( Piron et al1l2009l) . with a statistical error of 0?32 (95% confidence level). The GBM light curve of 
GRB 090626 consists of several bright pulses and lasts ~55 s (Fig. [SHI) . The LLE light curve shows 
one single, faint short pulse which coincides with the second bright pulse observed in the BGO 
light curve. However, this signal excess was not sig nificant enough to claim an LLE detection (see 
Table [2]). In the preliminary analysis of LAT data, IPiron et all j2009t) reported that GRB 090626 
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high-energy emission lasted until To+~250 s. Our analysis of the LAT Transient-class data above 
100 MeV provided a LAT T95 =300i53^ s which confirms the temporal extension of the burst emis- 
sion in the LAT. In addition, a 2.09 GeV event is recorded at To-l-111.63 s. The LAT time-resolved 
likelihood analysis returned a significant fiux in three time bins only up to To-I-750 s (Fig. [56| . 
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Fig. 55. — Composite light curve for GRB 090626: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 56. — Likelihood light curve for GRB 090626 (flrix above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 



B.13. GRB090720B 

The lon g GRB090720B trig gered the GBM at To==17:02:56.91 UT on 20 July 2009 (trigger 



.ng', 

269802178. iBurgess et al.ll2009l ). The GBM light curve consists of one short hard pulse followed by 



a wider pulse (Fig. [57]). GRB 090720B had an off-axis angle of 56?1 in the LAT at the trigger time, 
where the effective area is a factor ^3 less than on axis. The burst was not significantly detected 
in the LLE data and the LAT likelihood analysis returned a TS~25 based on the 3 Transient-class 
events recorded above 100 MeV during the GBM time window, including a 1.45 GeV event at 
To-FO.22 s. No LAT Tgo could be derived due to the large Zenith angle of the burst. The LAT 
time-resolved likelihood analysis returned a marginal detection in one time bin only, ending at 
To-H75 s (Fig. [111). 
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Fig. 57. — Composite light curve for GRB 090720B: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 58.~ Likelihood light curve for GRB 090720B (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.14. GRB090902B 



The long, bright GR B 090902B triggered the GBM at To=ll:05:08.31 UT on 2 September 
2009 (trigger 273582310. fBissaldi fc ConnaughtoDl l2009[ ) . In spite of an initial off-axis angle of 
50?8, GRB 090902B caused exceptionally bright emission in the LAT and it trigg ered an ARR of 
the Fe rmi spacecraft. The LAT preliminary localization was delivered via GCN (|de Palma et al 
2009bl) . with a statistical error of 0?04. Swift TOO observations started '^12.5 hours after the trig- 



ger time (jStratta et al 



l2009b). A possible X-ray coun terpart was found by Swift-XRT 3.2 arcmin 
away from the LAT positi on (iKennea fc Stratte 20091) . and further observations confirmed the ex- 



istence of a fading source (IStratta et al.ll2009a). Fo l low-up detections in the o ptical were reported 



by the Swift-VYOT team dSwenson fc SiegeJl2009l: ISwenson fc Strattal I2009D and by several ob- 
serve rs operating ground-based telescopes ( Perlev et al.ll2009aHGuidorzi et al. 2009t Pandev et al 
I2OO9I) . G RB090902B was also detected in the optical/NIR dOlivares et al.ll2q09al) aii d in the ra- 



Cucchiara et al.l ( 2009b[ ) reported a 



dio band (|van der Horst et aLlliooi IChandra fc Frailll2009[ ). 
spectroscopic redshift of z=1.822 based on observations of the optical afterglow using the GMOS 
spectrograph mounted on the Gemini South Telescope. Gombined with its brightness, this makes 
GRB090902B the third most energetic LAT-detected burst after GRB080916G and GRB 090323, 
with an isotropic equivalent energy Eiso — 3.4 x 10^'' erg (1 keV-10 GeV, within the GBM T90). 
A dedicated analysis of the near- infrared and optical follow-up observations of GRB 090902B is 



presented in McBreen et al. ( 2010l ) 



As shown in Fig. [Ml the GBM light curve of GRB 090902B is complex both in the Nal and BGO 
detectors, probably resulting from the overlap of many small pulses. After a plateau phase of ^6 s 
similar to what is observed at lower energies, the LLE light curve shows a series of short spikes on 
top of two broad and partially overlapping pulses, which seem to coincide with two distinct emission 
episodes visible in both the Nal and BGO light curves. The temporal structure of the LAT emission 
shows fast variabili ty on tim cscalcs as short as ^100 ms. In the first paper published by the Fermi 
LAT collaboration ((Abdo et al . 2009al). the prompt emission spectrum of GRB 090902B was fitted 
over more than six decades in energy by the combination of the empirical Band function with a 
high-energy power law. The hard power law is detected from the trigger time, and it dominates 
the Band function not only at high energies but a lso below ~50 keV as already reported in the 
preliminary joint analysis of GBM and LAT data (|de Palma et al.ll2009al) . Our GBM-LAT joint 
spectral analysis in the GBM time window confirms these results, yielding similar parameters for 
the Band function and a spectral slope of 1.94±0.01 for the a dditional power-law component. Not e 
that alternative spectral models have been studied in details (jRvde et al ][2009l :lLiufc Wandlionh . 
and tha t the peculiar spectrum of GRB 090902B has also been used to constrain several theoretical 



models ( Barniol Duran fc Kumarll201ll : iPe'er et a l. 2012 



The LAT emission contains many GeV events during and well after the GBM emission, similarly 
to the 33.39 GeV event detected at To+81.75 s. This photon candidate has the highest energy 
ever observed from a burst and it has been used by the Fermi LAT collaboration t o probe the 



Extrag alactic Background Light as a function of redshift in the optical-UV range (jAbdo et al 
l2010al) . The temporally extended high-energy emission reaches at least the end of the first GTI 
(LAT T95>825 s) and ^^300 Transient-class events are recorded above 100 MeV until this time (see 
Table S]). The LAT time-resolved likelihood analysis resulted in a well sampled light curve of the 
high-energy flux up to To+750 s (Fig. 160]) . No signiflcant spectral evolution was detected. The 
decay of the fiux as a function of time can be fitted with a simple power law starti ng from the 
GBM T95, with a decay index Q!=1.40±0.10, in agreement with the result reported bv lAbdo et al " 
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( 2009a[) . Similarly to GRB 090510, however, the fit of the fiux light curve with a broken power law 
from the peak flux time tp=To+8.7 s up to To+~8 ks (including flux upper limits after To+750 s) 
returned a significant break at tb=130±50 s, along with a steeper initial decay (ai=1.70±0.19) and 
a smoother decay (a2=l-27±0.12) at later times. 




Fig. 59. — Composite light curve for GRB 090902B: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 60.— Likelihood light curve for GRB 090902B (flux above 100 McV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 



B.15. GRB090926A 

The long, bright GRB 090926A triggered the GBM at To=04:20:26.99 UT on 26 September 2009 
(trigger 275631628. rBissaldillioogI ). In spite of an initial off-axis angle of 48?1, GRB 090926A caused 
exceptionally bright emission in the LAT and it triggered an ARR of the Fermi spacecraft. The 
spacecraft initially remained in survey mode as long as the Earth avoidance angle condition "was 
not satisfied, and GRB 090926A became occulted by the Earth '-^500 s after the trigger time. At 
'^To+3 ks, the LAT resumed observations and the spacecraft slewed to the burst position, keeping 
it in the LAT FoV until 5 hours post trigger. The LAT preliminary localization "was delivered via 



GCN (jUehara et al.ll2009[) . with a statistical error of 0?04. 
Swift TOO observations started ^13 hours after the 



Swenson et al 



20101) 



trigger time (jVetere et al.l 12009b : 

An X -ray counterpart was found by Swift-XST 4 arcmin away from the 



LAT position (jVetere et al.ll2009a) . a nd further o bservations confirmed the existence of a fad- 
ing source with some flaring activity (jVeterd 120091). The optical aft erglow of GRB 090926A was 



discovered by the Skynet-PROMPT te l escopes (iHaislip et al.l 

Swift-VYOT (|Gronwall fc Veterd l2009t lOates fc Veterd l2009[ )~ fMalesani et al.l (|2009t ) reported a 



2009blla e c ^ an d also detected by 



spectroscopic redshift of z=2.1062 based on observations of the optical afterglow using the X- 
shooter spectrograph mounted on the ESO-VLT UT2. Combined with its brightness, this makes 
GRB090926A the fourth most energetic LAT-detected burst, with an isotropic equivalent energy 
Ei,o ^ 2.4 X 10^^^ erg (1 keV-10 GeV, within the GBM Tgo). 

As shown in Fig.|6l] the light curve of GRB 090926A exhibits a bright, short pulse at ~To+10 s, 
in all ener gy bands cover e d by the GBM and the LAT. In the preliminary analysis of GBM and 
LAT data. iBissaldi et al.l (|2009l ) fitted the emission spectrum of this pulse by the combination of 
the empirical Band function with a high-ene rgy power law. In the tim e-resolved spectral analysis 
published by the Fermi LAT collaboration ( Ackermann et al. 2011bl) . the high-energy power-law 
component was found to start at the time of the bright pulse and to persist until ~^To+22 s. In this 
study, a spectral break was also found at the highest energies, with a cutoff energy Ec~^400 MeV 
during the bright pulse and Ec~1.4 GeV for the time-integrated spectrum. Our GBM-LAT joint 
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spectral analysis in the GBM time window confirms these results, yielding Ec~1.5 GeV and a 
similar spectral slope of 1.73±0.03 for the high-energy power-law component (Table fTTj) . 

The LAT emission contains many GeV events during and well after the GBM emission, similar 
to the 19.56 GeV event detected at To-l-24.83 s. The temporally extended high-energy emission 
reaches at least To-l-225 s, and ^230 Transient-class events are recorded above 100 MeV until this 
time (see Table S]). The LAT time-resolved likelihood analysis resulted in a well sampled light curve 
of the high-energy flux up to To-l-295 s (Fig. |62|) . The decay of the flux as a function of time can 
be fitted with a simple power law starti ng from the GBM T95, wi th a decay index a=1.60±0.28, 
in agreement with the result reported bv lAckermann et all (l2011bl ). Similarly to GRB 090510 and 
GRB090902B, however, the fit of the flux light curve with a broken power law from the peak 
flux time ip=To+11.7 s up to Tq+'^S ks (including flux upper limits after To-t-295 s) returned a 
significant break at tb=40±5 s, along with a steeper initial decay (ai=2.88±0.32) and a smoother 
decay (a2=l-06±0.14) at later times. The right hand plot of Fig. IHHalso suggests that the photon 
index in the first phase is steeper than the one in the final decay part. 
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Fig. 61. — Composite light curve for GRB 090926A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 62.— Likelihood light curve for GRB090926A (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.16. GRB 091003 



The lon g GRB 091 003 triggered the GBM at To=04:35:45.5 UT on 3 Octob er 2009 (trigger 
27623 7347, |Ra3l2QQ9|). The LAT prehminary locahzation was delivered via GCN (jMcEnerv et alJ 
2009a[ l. with a s tatistical error of ?15. Swift TOO observations started ~15.5 hours after 
the trigger time (Starling et alj 2009). A fa ding source was detected in X-rays by Swift-XRT 



( Starling fc Beardmord 2009: iPage et al.ll2009l) and an UV/optica l afterglow candidate was found 
bv Swift-VYOT (jOronwall fc Starling||2009l: iPritchard et al.ll2009l). T he optical afterglow was also 
detected by the William Herschel Telescope ( Wiersema et al J 2009a ) and a possible low redshift 
host galaxy was found by the Lick Observatory ( Perlev et al.ll2009b[ ). A spectroscopic redshift mea- 
surement of z=0.8969 was obtaine d using the GMOS spectrograph mounted on the Gemini North 
Telescope ( Cucchiara et al. 2009a[) . 

No significant emission was detected in the LLE light curve (Fig. The highest-energy 

event (2.8 GeV) is detected at To-|-6.47 s and does not coincide with any noticeable feature in 
the GBM light curve. Although the LAT Tg5=4:53^^^g s suffers from a large uncertainty due 
to the relatively small statistics (^30 events), the burst was detected up to this time with high 
significance by the LAT likelihood analysis of the Transient-class data above 100 MeV. The LAT 
time-resolved likelihood analysis returned a significant flux up to To-l-316 s, with a temporal decay 
index a=0.96±0.20 (Fig. EH)- 
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Fig. 63. — Composite light curve for GRB 091003: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 64.— Likelihood light curve for GRB 091003 (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on Unes and symbols. 
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B.17. GRB 091031 



The lon g GRB 091031 triggered th e GEM at To=12;00:28.85 UT on 31 October 2009 (trigger 
278683230. iMcBreen fc ChaplinI lioogl ) . The LAT preliminary locahzation was delivered via GCN 
(|de Palma et al .I l2009cl) . with a statistical error of 0?2. This burst was significantly detected in the 



LLE light curve (Fig.HS]) and above 100 MeV by the likelihood analysis up to the LAT T95=206l43 s. 



The LAT time-resolved likelihood analysis returned a significant flux up to Tq+IOO s fFig. l66)) . The 
highest-energy event (1.19 GeV) is detected with two other high-energy events at To4-79.75 s, well 
after the end of the GBM emission. 
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Fig. 65. — Composite light curve for GRB 091031: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 66. — Likelihood light curve for GRB 091031 (flrix above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 



B.18. GRB091208B 



The lon g GRB 91208B triggered the GBM at To=09:49:57.96 UT on 
281958599nMcBrcen 2009^) and the Swift-BAT at 9:49:57 UT 



observations started 115.2 s after the BAT trigger (jPagani et al 



December 2009 (trigger 
aeani et al.ll2009l ). Swift-XRT 
20101) . A fading and uncata- 



loged X-ray source was fou nd and Swift-VYOT de tected a bright afterglow candidate consistent 



with the XRT localization (|de Pasquale fc Paeanil 120 09: P agani et al.ll2009D . Several telescopes 



Updike et all 12009b 



de Ugarte Postigo et al 



Xu et al. 
20091) 



20091 : ICano et al 



detected the bright optical transien t (jxin et al.l 2009 [Kinugasa et al. I 20091:^ Andreev et al 

] 120091: INs 



2009[ iNakaj ima et al, ] l2009l : lYoshida et a" 



200S; 



200S; 



A spectroscopic redshift measurement of z 



ing the GMOS spectrograph mounted on the Gemini North Telescope (jWiersema et al 



=1.063 was obta ined us - 
.2009^ 



later c onfirmed by the HIRES-r spectro meter mounted on th e 10 m Keck I telescope (jPerlev et al 



2009cl ). Using the XRT refined position ( Osborne et al. 20091 ). the LAT likelihood analysis found a 
marginal detection (TS=20) during the GBM Tgg, based on three Transient-class events associated 
to the burst. The highest-energy event (1.18 GeV) is detected at To-l-3.41 s. Due to the paucity 
of events (Fig. [57]), no LAT Tgg could be derived and the LAT time-resolved likelihood analysis 
returned a significant flux in one time bin only, ending at To+42 s (Fig. [68]). 
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Fig. 67. — Composite light curve for GRB 091208B: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 68.— Likelihood light curve for GRB091208B (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.19. GRB100116A 



The lon g GRB 100116A triKKered the GBM at To=21:31:00.24 UT on 16 January 2010 (trigger 
285370262, Briggs fc ConnaughtonllioiOl ). The LAT preliminary localization was delivered via GCN 
( McEnerv et al.ll2010l ). with a statistical error of 0?17. As shown in Fig. [69l the GBM triggered 
on a precursor in GRB 100116A light curve. A very intense pulse is observed at '^To+90 s, with 
a slow rise and a fast decay, probably due to the overlap of many smaller pulses during the rising 
part. LAT low-energy events are recorded in temporal coincidence with this bright GBM pulse. 
More interestingly, the Transient-class events above 100 McV which are compatible with the burst 
position appear to be slightly delayed (~20 s) with respect to both the LLE and GBM emission, 
and the highest-energy event (2.2 GeV) is detected at To-l-105.71 s, right at the end of the GBM 
emission. This temporally extended high-energy emission reaches at least the end of the first GTI 
(LAT T95>141 s). The LAT time- resolved likelihood analysis returned a significant flux up to 
To-l-178 s (Fig. [70]). A 13.12 GeV event with a probability higher than 99% to be associated with 
the burst is detected at ~To-l-296 s (see the discussion in § I4.3.3|) . 
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Fig. 69. — Composite light curve for GRB 1001 16A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 70.~ Likelihood light curve for GRB 1001 16A (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.20. GRB 100225A 



The lon g GRB 100225A triggered the GBM at To=02:45:31.15 UT on 25 February 2010 (trigger 
288758733r iFolev fc McBreeDll20ld[ ). This faint burst had an off-axis angle of 55?5 at the trigger 
time, where the LAT eff ective area is low. A tentative localization with the LAT was delivered via 
GCN (|Piron et al.ll2010t ). with a statistical error of 0?9. Only a few LAT Transient-class events 
above 100 MeV are actually compatible with the burst position, therefore no LAT Tgo could be 
derived and no significant emission was found in the likelihood analysis. GRB 100225A was detected 
in the LLE data only. The LLE light curve consists of a long duration pulse which mimics the light 
curve seen m the Nal detectors (Fig. [71]). 
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Fig. 71. — Composite light curve for GRB 100225 A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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B.21. GRB100325A 



The long G RB 100325A trigger ed the GBM at To=06:36:08.02 UT on 25 March 2010 (tri; 



ger 291191770, 



von Kienhnl 2010al ). The LAT prehminary locahzation was dcHvered via GCN 



( de Palma et al 



2010f ). with a statistical error of 0?6. The light curve in the Nal detectors consists 



of several overlapping pulses, whereas the burst is not visible in the BGO light curve and only 
marginally detected in the LLE light curve (Fig. [72]). Due to the paucity of events, no LAT Tgo 
could be derived. A cluster of four Transient-class events above 100 MeV are recorded within 0.57 s 
right after the trigger time, and the LAT time-resolved likelihood analysis returned a significant 
flux up to To-f23.7 s (Fig. [73]). More interestingly, the time-integrated spectrum of GRB 100325A 
during the GBM Tgo is best represented by a Band function, with a hard value for the low-energy 
spectral slope a — —0.33 ± 0.11. 
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Fig. 72. — Composite light curve for GRB 100325 A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 73.~ Likelihood light curve for GRB 100325A (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.22. GRB 100414A 



The lon g GRB 1004 14A triggered the GBM at To=02:20:21.99 UT on 14 April 2010 (trigger 
292904423. iFolevI l201ot ). It had an initial ofF-axis angle of 69° in the LAT and the ARR trig- 
gered by the GBM brought it down to ~10 ° after ~250 s. The LAT preliminary localization was 
delivered via GCN (jTakahashi et al.lboioh . with a statistical error of 0?14. Swift TOO obser- 
vations star ted ~48 hours aft er the trigger time and a possible X-ray counterpart was found by 
^mft-XRT (iPaee et alJ|2010bl lal). Further observations confirmed the existence of a fading source 



(iPage fc Cannizzd 120101). Follow-up detections in the optical were reported by the Swift-VYOT 
team dLandsman fc Cannizzol 120101) and by other observers operating ground-based telescopes 



Moskvitin et al.ll2010HUrata fc Huanej|2010D. GRB 100414A was also detected ii i the optical/NIR 
( Filgas et al. 2010 ) and in the radio band ( Kamble et al. 2010l : Frail et al. 2010f ) . Cucchiara fc Fox 



2010f ) reported a spectroscopic redshift of z=: 1.368 based on observations of the optical afterglow 



using the GMOS spectrograph mounted on the Gemini North Telescope. 

The GBM light curve of GRB 100414A consists of a single slowly rising pulse which ends abruptly 
after culminating at To-l-23 s (Fig. [71]). No significant emission was detected in the LLE light curve. 
Although the LAT T95 =289l??i s suffers fr om a large uncertainty due to the relatively small 
statistics (~20 events), the burst was detected up to this time with high significance by the LAT 
likelihood analysis of the Transient-class data above 100 MeV. The LAT timc-rcsolved likelihood 
analysis returned a significant flux up to To-l-316 s. with a temporal decay index q;=1.08±0.43 
(Fig. [75]) . More interestingly, the time-integrated spectrum of GRB 100414A during the GBM 
Tgo is best represented by a Comptonized model with an additional power-law component with a 
spectral slope of 1.75±0.07. However, as discussed in ^ 14.4. li this additional component is seen in 
the "GBM" time interval only (Tables [TT] and [T2|) and its existence is uncertain due to possible 
systematic effects in the GBM-LAT joint spectral analysis during the ARR maneuver. 
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Fig. 74. — Composite light curve for GRB 100414A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 75.— Likelihood light curve for GRB 100414A (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.23. GRB 100620A 



The long GRB 100620A triggered the GEM at Tn:^02:51:29.1 134 UT on 20 June 2010 (trigger 
298695091). The best locahzation reported in the GEM catalog (jPaciesas et alJl2012l ) was used as 
an initial seed for our analysis. Using LAT Transient-class events above 100 MeV, we could improve 
upon the GEM localization. The LAT localization, which has a statistical error of 0?71 (Table [5]), 
is the final best position. GRB 100620A is a faint burst in the GEM, with no emission in the EGO 
detector nor in LLE data (Fig. [75]) . No LAT Tgo could be derived due to the paucity of events, but 
accumulating signal in the LAT time-resolved likelihood analysis allowed us to detect a significant 
flux up to To+316 s (Fig. [Til). 
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Fig. 76. — Composite light curve for GRB 100620A: summed GBM/Nal detectors (first two panels), 
GEM/EGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IE. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 77.— Likelihood light curve for GRB 100620A (flux above 100 McV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 



B.24. GRB 100724B 



The lon g GRB 1007 24B triggered the GBM at To=00:42:05.98 UT on 24 July 2010 (trigger 
301624927. lBhatll2010| ). Its ofF-axis angle in the LAT was 48?9 at the trigger time, and remained 
greater than 40° for 2700 s despite the ARR triggered by the GBM, as the Fermi spacecraft 
remained in survey mode as long as the Earth avoid ance angle condition was not satisfied. The 
LAT preliminary localization was delivered via GCN (jTanaka et al.ll2010bl ). with a statistical error 
of 0?6. The burst was also significantly detected by both the AGILE-GRID and the AGILE- 
MCAL (jMarisaldi et al.ll20ld [Giuliani et al.ll2010b[ ). 

GRB 100724B is very bright in the GBM and in LLE data, with two main emission episodes 
(Fig. [78)) . Surprisingly, it is not exceptionally bright in LAT Transient-class data above 100 MeV, 
and the highest-energy event (0.22 GeV) is detected at To+61.75 s, during the second episode. No 
LAT Tgo could be derived due to the large Zenith angle of the burst, but the burst was detected up 
to To-f 125 s with high significance by the LAT likelihood analysis above 100 MeV. This analysis 
actually revealed a fairly steep high-energy spectrum, with a photon index of —4.96 ± 0.94 during 
the GBM Tgo and -4.85 ± 0.92 in the "LATTE" time interval. Similar indices were measured 
in the LAT time-resolved likelihood analysis (Fig. [79)) . More interestingly, the time-integrated 
spectrum of GRB 100724B during the GBM Tgo is best represented by a Band function with a 
hard value for the high-energy spectral slope (3 = —2.00 ± 0.01 and with an expo nential cutoff 
at Ec = 40 ± 3 MeV (Table [iTj and Table [T5]). The spectral analysis performed by iGuiriec et al 



()201lh was based on GBM data only and yielded similar results except for the spectral break whose 
detection requires the addition of LAT dat a. Gonversely, our analysis is not in agreement with the 
results reported by jPel Monte et all (2011), who found a single power-law spectral shape extending 
up to 100 MeV with a photon index /3 = — 2.13lo'o4- This differen ce could be explained by the 
larger effective area and the deeper calorimeter of the fermi-LAT ( Atwood et al. fioogiJ l. which 
provides more sensitive spectral measurements than the AGILE instruments. Owing to its long 
duration ('^120 s in the GBM) and despite the relatively low peak energy Ep = 263 ± 4 keV and 
the spectral break at MeV energies, GRB 100724B is the most fluent burst in the catalog, with a 
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Fig. 78. — Composite light curve for GRB 100724B: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 79 — Likelihood light curve for GRB 100724B (flux above 100 McV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 



B.25. GRB 100728A 



The lon g GRB 100728A tri ggered the GBM at Tn=02:17:30.61 UT on 28 July 2010 (trigger 
301976252. Tvon KienlinlboiObI ) and the Swift-BAT at 02:18:24 UT (jCannizzo et alJl2010a[ ). Swift- 
XRT observations st arted 76.7 s after the B AT trigger and a bright, uncataloged X-ray source was 
immediately located (jCannizzo et al ] l2010bl) . The enhance d Swift-XRT position dBeardmore et al 



Olivares et al. 2010f ). but no redshift could be measured 



2010[l enabled the d etection of the optical/NIR afterglow ( Perlev et al. 2010l : Ivarsen et al. 2010l : 



The GBM light curve of GRB 100728A shows a multi-peaked structure lasting approximately 
^190 s fFig. [50)1 . Most of the emission is detected at low energy, and the time-integrated spectrum 
of the burst during the GBM Tgo is best represented by a Gomptonized model. GRB 100728A had 
an initial off-axis angle of 59?9 in the LAT and the ARR triggered by the GBM brought it down to 
'-^lO" after '^300 s. Only a few LAT Transient-class events above 100 MeV arc compatible with the 
burst position, therefore no LAT Tgo could be derived and no significant emission was found in the 
likelihood analysis. Accumulating signal in the LAT time-resolved likelihood analysis allowed us 
to detect a significant fiux in one time bin, ending at To-I-750 s (Fig. IST]) . This detection confirms 
the temporal coincidenc e of the hig h -energ y emission of GRB 100728A with its fiaring activity in 
X-rays, as published in lAbdo et al.l ( 201ll ). The implications of the Fermi-LAT observation and 
the possible connection bet ween the gamma -ray e mission and the X-ra y activity of GRB 100728A 
have also been discussed in iHe et al.l (|201l[ ) and iMao fc Wand (|2012l) . A 13.54 GeV event with 
a probability higher than 98% to be associated with the burst is detected ~90 minutes after the 
trigger time (see the discussion in I4.3.3p . This represents the only evidence in our catalog that 
high-en ergy events (>10 GeV) can arrive very late in time, confirming the results from lHurlev et all 
(19943) and suggesting that such events are rare. 
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Fig. 80. — Composite light curve for GRB 100728A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 81.— Likelihood light curve for GRB 100728A (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.26. GRB 100826A 



The long GRB 100826A triggered t he GBM at To==22:58:22.89 UT on 26 August 2010 (trigger 
304556304. iMcEnerv fc Omodeil boiOf ). The triangulat ion of the burst b y the IPN provided a 
position with a 3(t error box area of 1.5 square degrees (|Hurlev et al.ll2010l ) which we used in our 
analysis. Only a few LAT Transient-class events above 100 MeV are compatible with the burst 
position, therefore no LAT Tgo could be derived and no significant emission was found in th e 
likelihood analysis. GRB 100826A was detected in the LLE data only (jMcEnery fc Omodeiir2010l ). 
The LLE light curve has a very similar structure to the GBM broad peak, with the maximum count 
rate occurring at ~To-l-22 s (Fig. [82]). The burst is bright in the GBM and its time-integrated 
spectrum during the GBM Tgo is best represented by a Band function, with a hard value for the 
high-energy spectral slope /3 — —2.03 ± 0.02. 
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Fig. 82. — Composite light curve for GRB 100826A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 



B.27. GRB101014A 

The lon g GRB 101014A triggered th e GBM at To=04:ll:52.62 UT on 14 October 2010 (trigger 
308722314. lTiernev fc Goldsteinll2010l) and it has the longest GBM duration (T9o~450 s) in the 
catalog. It had an initial off-axis angle of 54° in the LAT and the ARR triggered by the GBM 
brought it down to ^10° after '^200 s. Because of the burst's proximity to the orbital pole, there was 
subst antial contamination in the surrounding region owing to gamma-ray emission from the Earth's 
limb ( Tanaka et al.|[2010a[) . As a result, no LAT Transient-class events are left above 100 MeV after 
our selection cuts f^ l2.1.ip . We could thus not improve upon the GBM localization and no likelihood 
analysis was possible. GRB 101014A was detected in the LLE data only. Whereas the GBM light 
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curve exhibits several emission episodes, the LLE light curve consists ol a single, narrow pulse at 
-To+210 s (Fig.m. 
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Fig. 83. — Composite light curve for GRB 101014A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 



B.28. GRB101123A 



The long GRB 101123A triggered the GBM at To=22:51:34.97 UT on 23 November 2010 (trigger 
312245496. iGuiriedlioiol ). It had an initial off-axis angle of 78?2 in the LAT and a large Zenith 



angle, thus no LAT Transient-class events are left above 100 MeV after our selection cuts (§ I2.1.1|) . 
We could thus not improve upon the GBM localization and no likelihood analysis was possible. 
GRB 101123A was detected in the LLE data only. The LLE light curve consists of a single, narrow 
pulse at ~To-l-45 s, in temporal coincidence with the first pulse of the first bright emission episode 
observed in the GBM light curve (Fig. IM)) The burst is relatively bright in the GBM and its time- 
integrated spectrum during the GBM Tgo is best represented by a Band function, with a hard value 
for the high-energy spectral slope /3 = —2.04 ± 0.03. 
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Fig. 84. — Composite light curve for GRB 101123A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). Sec § IB. II for more information on lines and symbols in the LAT 
panels. 



B.29. GRB110120A 



The lon g GRB110 120A triggered the GBM at To=15:59:39.23 UT on 20 January 2011 (trigger 
317231981. lLinll201ll ). In spite of an initial off-axis angle of 13?6, GRB 1 10120A was relativel y faint 
in the LAT. The LAT preliminary localization was delivered via GCN (jOmodei et al.ll201lh . with 
a statistical error of 0?4. The GBM light curve of GRB 110120A consists of two overlapping pulses 
fFig. [85|) . The LLE light curve shows a small signal excess which coincides with the GBM emission, 
but this excess was not significant enough to claim an LLE detection (see Tabled]). Our analysis 
of the LAT Transient-class data above 100 MeV provided a LAT Tg5=113l3j s which indicates the 
temporal extension of the burst emission in the LAT. In addition, a 1.82 GeV event is recorded at 
To-|-72.46 s. The LAT time-resolved likelihood analysis returned a significant flux in two time bins 
only, up to To-l-75 s (Fig 
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Fig. 85. — Composite light curve for GRB 110120A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 



159 




10 1 10 10 10 

Time-Trigger [s] 




10"' 1 10 10' 10 

Time-Trigger [s] 



Fig. 86.^ Likelihood light curve for GRB 110120A (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 



160 



B.30. GRB 110328B 



The lon g GRB101123A tr igKered the GBM at To=12:29:19.19 UT on 28 March 2011 (trigger 
323008161, von Kienhn 1201 ih . Only a few LAT Transient-class events above 100 MeV arc com- 
patible with the burst position, therefore no LAT Tgo could be derived and no significant emission 
was found in the likelihood analysis. Using a l ower energy threshold of 50 MeV, a tentative local- 
ization with the LAT was delivered via GCN ([Vasileiou et al.ll2011al ). compatible with the GBM 
localization and with a statistical error of 1?7. GRB 110328B was detected in the LLE data only. 
The LLE light curve consists of a single pulse which starts approximately at the time of the GBM 
trigger and which mimics the light curve seen in the Nal and BGO detectors (Fig. [87|). 
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Fig. 87. — Composite light curve for GRB 110328B: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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B.31. GRB110428A 



The lon g GRB 110428A triKKered th e GEM at To=09:18:30.41 UT on 28 April 2011 (trigger 
325675112. iTiernev fc Fitzpatrickll201l[ ). It had an initial off-axis angle of 34?6 in the LAT and 
the ARR triggered by the GBM br ought it down to ~5° after ~200 s. The LAT preliminary 
localization was delivered via GCN (IVasileiou et alJl2011bl) . with a statistical error of 0?15. Swift 
TOO observations sta rted ~55.6 ks after th e trigger time and a possible X-ray counterpart was 
found by Swi ft-XRT (Melandri et al.ll2011bl ). Further observations confirmed the existence of a 
fading source ( Melandri et alj 2011a ) . 

The GBM hght curve of GRB110428A consists of several overlapping pulses (Fig. |88]). No 
significant emission was detected in the LLE light curve. The highest-energy event (2.62 GeV) 
is detected at To+14.79 s and does not coincide with any noticeable feature in the GBM light 
curve. Although the LAT Tg5=408l33g s suffers from a large uncertainty due to the relatively 
small statistics (~16 events), the burst was detected up to this time with high significance by 
the LAT likelihood analysis of the Transient-class data above 100 MeV. The LAT time-resolved 
likelihood analysis returned a significant flux in two time bins only, up to To+178 s (Fig. I89p . 
More interestingly, the time-integrated spectrum of GRB110428A during the GBM Tgo is best 
represented by a Band function, with a steep value for the high-energy spectral slope (3 = — 2.90± 
0.10. This value is very different from the hard photon index of -1.73±0.20 which is found by the 
likelihood analysis at late times (Fig. [89]) . In the catalog, GRB 110428A is thus among the bursts 
which show the strongest spectral evolution between the prompt and late emission phases. 
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Fig. 88. — Composite light curve for GRB 110428A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 89.~ Likelihood light curve for GRB 110428A (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 



164 



B.32. GRB110529A 



The sho rt GRB110529A triKKere d the GBM at To=00:48:42.87 UT on 29 May 2011 (trigger 
328322924. ISurgess fc Guiried [20lTh . Only a few LAT Transient-class events above 100 MeV are 
compatible with the burst position, therefore no signifi cant emission was fou nd in the likelihood 
analysis. The burst was detected in the LLE data only (jMcEnerv et al.ll201l[ ). and the light curve 
consists of a short spike in coincident with the GBM emission (Fig. [90)) . 
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Fig. 90. — Composite light curve for GRB 110529A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 



B.33. GRB 110625A 



The lon g GRB110625A tri ggered the GBM at To^21:08:18.24 UT on 25 June 2011 (trigger 
330728900. lGruber et al.llioTTh and the Swift-BAT at 21:08:28 UT ^^^^^OU^. Swift-XRT 
observations started 140.3 s afte r the BAT trigger and a bright, fading and uncatalogcd X-ray 



source was im mediately located (IPage et al.l 201 Ibf ). Further analysis refined the positi on of the 
X-ray source ( Palmer et al.l 2011 Pagel 2011 ), enabling optical follow-up observations (iKelemen 



201 lal: llm et al 
2011D, but no redshift could be measured. 



201lt iFilgas et al.ll201ll: iGorosabel et all 120111: [Holland fc Pagel |20 111: iGolovnva 



GRB110625A was bright enough to trigger an ARR 
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of the Fermi spacecraft. However, its initial off-axis angle of 87?9 in the LAT resulted in a very 
poor photon statistics above 100 MeV (Fig. [91]) and no LAT Tgo could be derived. In addition, the 
Fermi spacecraft continued its maneuver toward the GBM fli ght software reconstructed position, 
which was off by 68° from the enhanced Swift-XRT position (jPagdl201l[ ). providing non-optimal 
exposure for LAT follow-up observations. Accumulating signal in the LAT time-resol yed likelihood 
analys is allowed us to detect a significant flux in two time bins, up t o Tp - 1-562 s (jGruber et al. 
( 201 if ) and Fig. [92|) . confirming the earlier detection bv iTam fc Kond ( 2011 ). The highest-energy 
event (2.42 GeV) is detected at To+272.44 s. 
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Fig. 91. — Composite light curve for GRB 110625 A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 92.— Likelihood light curve for GRB 110625 A (flux above 100 McV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 



B.34. GRB 110709A 



The lon g GRB110709A trig gered the GBM at To=15:24:27.37 UT on 09 July 2011 (trigger 
331917869. Tconnaughtonll201l( ) and the Swift-BAT at 15:24:29 UT (|Holland et al.ll2011al) . Swift- 
XRT observations starte d 65.6 s after the BA T trigger and a bright, uncataloged X-ray source 
was im mediately located (Holland et al.ll2011bl ). Further analysis refined the position of the X-ray 
source ( Evansll2011 Osborne et al.l 2011 ) . In spite of numerou s follow-up observations ( Ivanov et al 



201ll IXin et al.ll201lt iTello et al.l l201lt iKuroda et all l201ll iKelemeJlioUbl : iHoUandl l20l'Tf ). no 

optical afterglow was detected. GRB 110709A was bright enough to trigger an ARR of the Fermi 
spacecraft. However, its initial off-axis angle of 53?4 in the LAT resulted in a very poor photon 
statistics above 100 MeV (Fig. [93)) . The LAT time-resolved likelihood analysis returned a significant 
flux in one time bin only, ending at To-l-42 s (Fig. 194]) . In addition, no LAT Tgo could be derived 
due to the large Zenith angle of the burst. 
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Fig. 93. — Composite light curve for GRB 110709A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 94.— Likelihood light curve for GRB 110709A (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.35. GRB110721A 



The loii K GRB110721A trigKered th e GBM at To==04:47:43.75 UT on 21 July 2011 (trigger 
332916465. iTiernev fc von KienliiJl201ll ). It had an initial off-axis angle of 40?3 in the LAT and 
the ARR triggered by the GBM bro ught it down to ^10° after ~240 s. The LAT preliminary 
localization was delivered via GCN ( Vasileiou et alj l2011c), with a s tatist ical error of 0?51. A 
low-significance faint candidate afterglow was found by iGreiner et al.l (j201l[ ) analyzing the Swift- 
XRT data and GROND data. Using the GMOS spectrograph mounted on the Gemini South 
Telescope. iBergei (2011) found two clear absorption features at 5487 and 5436 A, matching Call 
H&K at a redshift of z=0.382, with a significant decline in flux at shorter wavelengths, but to 
a non-zero level. However, the triangulation of the burst by the IPN provided a position with a 
3(7 error box area of 2250 square arc-minutes, excluding the position of the candidate afterglow 
( Hurlev et al.l 201 1 ) . Moreov er, further observations with Swift-'K.'KT did not confirm the afterglow 
detection (jGrupe et al.ll201lh and radio observations with the Expanded Very Large Array (EVLA) 
suggested that the X- ray candidate was instead associated with the radio-loud AGN PKS 2211-388 
(jChandra et al.ll201l[ ). As a result, we used the IPN position in our analysis and we did not assume 
any redshift for this burst. 

A dedicated analy sis of the prompt emission spectrum of GRB 110721 A is presented in 
Axelsson et all (|2012( l. The Nal light curve of GRB110721A consists of two overlapping pulses. 



Whereas only the first pulse is visible in the BGO and LLE light curves, the second pulse is much 
softer and is detected down to 8-20 keV (Fig. [55]). The LLE pulse starts and peaks earlier than 
the GBM emission. It appears narrower and the highest-energy event (1.73 GeV) is detected 
at To-l-0.74 s. However, the LAT emission above 100 MeV could last longer, potentially up to 
To-l-239 s or later. Due to the large Zenith angle of the burst after this time and to the paucity of 
events after the end of the GBM emission, we could not perform a good measurement of the LAT 
T95 though. The LAT time-resolved likelihood analysis actually returned a significant signal up to 
To+2A s only (Fig. 
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Fig. 95. — Composite light curve for GRB 110721A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 96.— Likelihood light curve for GRB 110721A (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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B.36. GRB110731A 



The lonffGRB 110731A triggered the GBM at Tn^ll:09: 29.94 UT on 31 Ju ly 2011 (trigger 



333803371. TGrubejl201l[ ) and the Swift-BAT at 11:09:30 UT (lOates et al.l l2011al). The LAT pre 



liminary localization was delivered via GCN (jBregeon et al.ll201l[ ). with a statistical error of 0?2. 
GRB110731A was bright enough to trigger an ARR of the Fermi spacecraft. Its initial off-axis 
angle was 3?4 in the LAT, thus the repointing had little impact on the prompt emission phase 
observations and permitted excellent observations of the extended emission for 2.5 hours after the 
trigger time. High quality continuous observations of the burst are available until the first Fermi 
passage into the SAA at ~To-|-1400 s. The ARR continued for another 90 r ninutes after _Fer?7ti had 
exited the SAA. Swift-XRT observations started 56 s after the BAT trigger ijOates et al.ll2011b( ). A 
bright, uncataloged X-ray source was found and Swift-VY OT detected a bright afterglow candidate 
consistent with the XRT loca l ization (Gates et al.1 2011a ). Further analyses refined the position of 



the burst ( Krimm et al. 2011 ' Beardmore et al 20 111 ) and further observations confirmed the exis- 



tence of a fading X-ray (Littleiohns et al. 2011 ) and optical afterglow ( Gated 2011 : Tristram et al 



2011 ). Tanvir et al. ( 201l[) reported a spectroscopic redshift of z=2.83 based on observations of the 
optical afterglow using the GMGS spectrograph mounted on the Gemini North Telescope. After 
a weather-induced delay, GROND detected GRB110731A at a mean time of 2.74 days after the 
trigger time. A dedicated analysis of the near-infrared to GeV observations of GRB110731A in 
its prompt and af t erglow phases using data from Fermi, Swift, MO A and GROND is presented in 



Ackermann et al.l (|2012bl ). 



The high-energy emission of GRB 110731 A lasts much longer than the GBM estimated duration. 
A 1.90 GeV event is detected at To-l-8.27 s, right after the end of the GBM emission (Fig. [97)) . 
The LAT time-resolved likelihood analysis resulted in a well sampled light curve of the high-energy 
flux up to ■~562 s (Fig. [M)) . The decay of the flux as a function of time follows a simple power 
law startin g from the GBM T95, wit h a decay index a=1.53±0.19, in agreement with the result 
reported by lAckermann et al" ( 2012bl) . This relatively steep decay is similar to the first part of the 
decay observed in GRBs 090510, 090902B and 090926A (Table [9]) for which a significant break was 
found in the flux light curve. This suggests that GRB 110731 A was observed during the transition 
from the prompt phase to the afterglow phase as discussed in § 16.21 Moreover, the time-integrated 
spectrum of GRB 110731 A is best represented by a Band function with an additional power-law 
component. As discussed in § 14.4. 1[ the detection of this additional component is marginal in the 
"GB M" time interval b ut sign ificant in the other time interval (Tables [TT] and fT2|. in agreement 



with Ackermann et al. I (l2012bl) 
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Fig. 97. — Composite light curve for GRB 110731 A: summed GBM/Nal detectors (first two panels), 
GBM/BGO (third panel), LLE (fourth panel) and LAT Transient-class events above 100 MeV 
within a 12° ROI (last panel). See § IB. II for more information on lines and symbols in the LAT 
panels. 
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Fig. 98.~ Likelihood light curve for GRB 110731 A (flux above 100 MeV on the left, photon index 
on the right). See § IB. II for more information on lines and symbols. 
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